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Introduction

The research supported under Contract Number F44620-75-C-0054 has
addressed two distinct topics, namely, high power microwave generation
and collective ion acceleration. A more recent effort has been initi-
ated to investigate proton acceleration in Induction Linacs. The
original contract supported the study of microwave generation using
slow wave structures and study of a free electron laser configuration.
About l-alfway through the contract, this program was converted to a
study of the collective acceleration of ions in high current relativistic
electron beams. This is still the main area on which the continuation
grant is centered although some work has been initiated on an Induction
Linac for protons. Each of these topids will be reviewed in this
report, although the bulk of the technical data will be presented as
reprints or preprints of published work. These are appended to this

report.
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Laboratory Equipment

During the course of this program the laboratory facilities have
been continually upgraded. We now operate two feliable Blumlein
pulsed power sources from a single Marx generator. The former supplies
are both 7 Q lines, however, one feeds a dicde through a step up trans-
former and, hence, has an output impedance of about 18 Q. Both lines
are equipped with prepulse switches which result in very low diode
voltages during the cl.arging phase. These lines and the Marx generator
have been operated for over 10,000 shots.

Diagnostic techniques and equipment have also been developed during
the contract duration. The facilities available also include a transient
digitizer and microprocessor system (purchased with an NSF special equip-
ment grant). This system greatly enhances our diagnostic capabilities
extending our operation to high (~1 GHz) frequency response at high
sensitivities and further providing a modest on line computing capability.
Built-in waveform processing techniques include integration, differen-
tiation, and fast Fourier transforms. Specific processing techniques
for other signals have been developed as required. These include proton
spectroscopy using activation of foils, proton spectroscopy using neutron
time-of-flight, and a variety of other techniques largely centered on
phase velocity measurement methods.

The laboratory is adequately equipped for low energy nuclear
measurements, fast beam measurements,’ and microwave measurements from
D.C. to 3 Giz and 8 GHz to 40 Giz. Some additional equipment is available

outside this range.
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Microwave Measurements

The work carried out during the initial phase of this program is
described in some detail in the Appendix, Articles 1, 2, and 3. Of
these, the most significant are the results reported on the excitation
of slow cyclotron and slow space charge waves in a planar beam. The
operation reported is in the coherent stimulated scattering regime,
of interest in Free Electron Laser work.

The observations were made when 2 planar electron beam was
propagated through a strip line. The beam was guided by a homogeneous
magnetic field and the excitation achieved with a zero frequency pump
wave. Both the space charge and cyclotron waves were excited in the
20-30 GHz interaction and the cyclotron wave in the 70 GHz range. This
experiment provided for an active excitation of the rippled B field
and gave, for the first time, independent measurements of the effects

of the homogeneous guide field and the rippled field on the growth rate.

Collective Acceleration

Results from our Collective Accelerator Program are attached as
articles 4 to 13 in the Appendix.

The investigation has two distinct features: i) a study of the
so-called "Luce' diode as a collective accelerator; and ii) a study
of slow space charge waves.

The overall program has, as its objective, a proof-of-principle
experiment for a space charge wave accelerator. In this experiment,

a large amplitude space charge wave is grown on an electron beam and
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jons trapped in the wave troughs. An increase in the wave phase

velocity then results in an ion acceleration.

For this purpose, we have investigated slow space charge wave
propagation on electron beams to determine both the phase velocities
and electric fields achievable. We have readily obtained acceler-

ating fields of about 60 kV/cm at wave phase velocities of about
0.25 c. There does not appear to be an obstacle to prevent the
achieving of larger fields. The minimm wave phase velocity
obtained is high and we have devoted considerable time and effort
to reducing the velocity to a lower value. We have met with some
measure of success, albeit on a single shot basis and with poor
repeatability. To achieve low phase velocities requires operation
at beam currents close to the vacuum limit. Operation in this range
gives rise to rapid changes in velocity with small changes in beam
current, necessitating single shot measurement techniques. The
acquisition of a transient digitizer provides us with the needed tool
to make the single shot measurement. We are currently working to
confirm these preliminary results (8 ~ 0.1 c). In addition, we are
using dielectric media surrounding the beam to produce a low phase
velocity at moderate beam currents. This effect is due to the
difference between the dielectric constant of the material at the beam
'frequency' and at the wave frequency. These results should also be
available during the summer of 1980.

In summary, we now have evidence of adequate accelerating fields

at useful phase velocities to carry out the proof-of-principle
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experiment. The low phase velocity measurements do, however, require
confirmation on a single shot basis.

An encouraging feature of this aspect of the program is the
result reported in article 7. The achievable phase velocity at a given
beam to limiting current is amplitude dependent. There is now solid
theoretical basis for expecting sufficiently low phase velocities for
practical use. Further theoretical work on stabilization of beam
instabilities at high currents has also been carried out (article 8).
Some of the wave results are described in detail in papers 4 through 8.
Additional information also appears in papers 11 and 12, which like 6

also report work on the proton acceleration in Luce diodes.

Collective Acceleration in Vacuum

This aspect of our program has two objectives: 1) a study of
the "Luce" diode per se; and ii) an optimization of the proton yield
from the diode.

The latter objective is to meet the requirement of a suitable
source for the injector and the former to study the écceleration
process so that one might hope to improve the accelerator performance
over its present level.

Proton acceleration has been consistently obtained with ion
energy spectra extending up to 2Z times the electron beam energy.
This repeatable performance is, to the best of our knowledge, unique

among these devices.
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A detailed study of the acceleration length, beam parameters

during acceleration, ion losses, and electron beam losses has been
carried out and a paper describing these in detail is now in prepara-
tion. A letter summarizing the mechanisms and most important features
is included as a preprint (number 10 in the appendix). Based on this
work we now believe that we have a fairly good understanding of the
acceleration mechanisms and ion loss rates. We are now trying to
enhance the acceleration, based on our observations. Articles 9 and
10 review the observations and 6 and 11 provide additional data

together with information on the wave aspects of the program.

Wave Growth in the Presence of Ions

Papers 11 and 12 sumarize the results of an iﬁitial study of
proton injection into the wave growth and propagation section. These
results, which are very encouraging, show that it is possible to
propagate a substantial number of ions through the wave section
without serious degradation of the wave. The injection method described
will be essentially that which we shall use in the proof-of-principle

experiment.

Acceleration of Heavy lons

Article 13 presents, in letter form, the results of an investi-
gation of heavy ion acceleration. The technique employed uses a
reflexing electron beam to generate a plasma in the foil material of

the E-beam diode. Ions from this plasma are collectively accelerated
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by the electron beam. The preliminary results reported show that

this technique may be used to generate and accelerate "heavy'' ion
beams. The beam ion species, yield, and acceleration can undoubtedly
be optimized further. We do not intend to pursue this area any

further.

Induction Linac

An Induction Lin-c module has been designed and partially fabri-
cated. The system, which consists of an electrostatic proton beam
generator and an inductive accelerator section, has been designed
to give a 1.0 MeV proton beam of about 1 kA for 50 nsecs. The purpose
of this system, which may be extended, is to study Induction Linac
design and beam transport for moderate ion (~1 kA) currents. The
central problem in this device is beam transport between successive
accelerating modules. The problem is most severe at low energy
where the ion velocity is low,

We anticipate operation of the module in the spring of 1980.
Such a device, apart from interest in the device in its own right,
could serve as an injector into a collective accelerator. Positive

ion induction linacs have not been previously fabricated.

Pulse Power Technology

A review paper, number 14 in the appendix, has been prepared

and was recently published in Particle Accelerators. This paper is

the first comprehensive summary of contemporary pulse power technology

to appear in the open literature.
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Excitation of the slow cyclotron and space-charge waves in a
relativistic electron beam

G. Providakes and J. A. Nation

Laboratory of Plasma Studies and School of Electrical Engineering, Cornell University, Ithaca,

New York 14853

(Received 11 September 1978; accepted for publication 10 November 1978)

Experiments are reported in which a relativistic electron beam, having an energy of 650
keV and carrying a beam current of about 0.8 kA, was used to excite slow (negative
energy) space-charge and cyclotron waves. The waves, which yielded megawatt powers
in the Ka and V bands, were generated as a result of the unstable interaction between
a beam wave, a static rippled magnetic field, and a waveguide mode. The instability
growth was observed to increase with both increasing guide and ripple magetic field
strengths, and saturated when the ripple field was about 10% of the guide field. The

observations are mainly consistent with theoretical predictions, although selection rules

for excited modes violate predictions.

PACS numbers: 41.80.Dd, 41.70. + t, 84.40.Ts

I. INTRODUCTION

An electron beam propagating within a waveguide with
a guiding magnetic field and a small periodic ripple magnetic
field has been shown to generate coherent high-power mi-
crowave radiation.'” For a short-wavelength ripple the
source of this radiation is the interaction between the nega-
tive-energy cyclotron and space-charge waves on the elec-
tron beam with waveguide modes.** In this paper we de-
scribe the results of experiments investigating this
interaction.

The original theoretical basis for the interaction was
provided by Manheimer and Ott’ who analyzed the case of a
weak thin cold-sheet electron beam propagating in a paral-
lel-plate waveguide. They showed that the slow cyclotron
and space-charge waves can interact with the waveguide
modes in the presence of a sufficiently short-wavelength rip-
ple in the magnetic field, and that the instability growth rate
was of the order 10°~10" sec™ for ripple amplitudes of about
5% of the guide-field strength. Since the Manheimer and Ott
analysis, a number of other theoretical studies of the interac-
tion have been developed.*'° These theories are based on the
equivalent view in which the instability is treated as a three-
wave interaction with the rippled field acting as a zero-fre-
quency pump wave which scatters from fluctuations on the
beam. These analyses consider the problem of Raman scat-
tering from a warm beam and find nonlinear limits on the
interaction efficiency. They do not, however, include mag-
netic field effects or waveguide-boundary processes. In these
experiments the waveguide effects are important and to a
large extent control the frequency of the radiation generated
in the interaction. We compare our observations with the
predictions of Manheimer and Ott whose analysis closely
approximates the experimental conditions used.

Earlier experimental attempts to excite the negative-
energy cyclotron wave have met with limited success due to
the difficulty of obtaining a sufficiently large ripple field at
the beam location. The experiments reported in this paper

3026 J. APp:. Phys. 80(5), May 1979
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were carried out utilizing a current-driven ripple field which
could be varied independently of the guiding magnetic field.
The experiments show growth rates substantially larger than
predicted by the Manheimer and Ott theory and demon-
strate that significant interactions occur with relatively weak
(~ 1% ripple) fields. The qualitative features of the scaling
of power with the ripple-and guide-field strengths agree with
the theory. The observed frequency of the radiation was con-
sistent with the generation of negative-energy space change
and cyclotron waves.

Il. REVIEW OF THEORETICAL ANALYSIS

The microwave osciifation resulting when a beam prop-
agates along a rippled magnetic field can be modeled as a
three-wave interaction between a zero-frequency pump
wave, a beam wave, and a scattered wave. The interaction
must satisfy both the frequency and wave-number condi-
tions imposed by the dispersion relations of the waveguide
radiation, and the modified beam mode.

Space charge:

O =0, + ki w=(k +KW—awp/y? )
Cyclotron:

=wl + ke w=((k+cw-—2/. )

Figure 1 gives a typical dispersion diagram illustrating
the interaction regime. The slow space-charge wave disper-
sion relation is displaced from its usual position by an
amount xu, where v is the beam velocity, « is the wave num-
ber of the zero frequency pump,  is the radiation wave num-
ber, w,, is the mode cutoff frequency, c is the velocity of
light, and w,, is the plasma frequency. The interaction of the
modified space-charge wave dispersion relation with the TM
or TE waveguide modes of a plane-parallel wall waveguide
yields ihe frequency of the microwave radiation. The inter-
action st: :ngth is dependent on the parameters of the experi-
ment; however, the interaction frequency where the space-
charge instability occurs is independent of the ripple- and
guide field strengths.

© 1979 American institute of Physics
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FIG. 1. Dispersion curves for the waveguide, cyclotron, and space-charge
waves. The beam modes are modified due to the effects of the periodic
rippled magnetic field.

The dispersion relation used to calculate the interaction
frequency for the cyclotron-wave interaction is also shown
in Fig. 1. In this case the slow cyclotron wave on the beam
has its dispersion relation modified by the zero-frequency
pump (ripple field) wave. The cyclotron-wave interaction
will occur at the frequency which satisfies the matching con-
ditions of Eq.(2). This frequency is the intercept of the dis-
placed cyclotron slow-beam wave and the waveguide mode.
The cyclotron-wave dispersion relation has a cyclotron fre-
quency term in it which is magnetic field dependent. This
permits tuning of the interaction by changing the guide mag-
netic field. It is possible to choose a magnetic field such that
there is no intersection of the cyclotron-wave dispersion re-
lation with the waveguide modes and, therefore, no interac-
tion.

As mentioned in Sec. I, the Manheimer and Ott theory
predicts the frequency of the interaction and the gain expect-
ed in the small-signal limit. The linear theory predicts that
the interaction of the space charge and cyclotron waves with
TM and TE modes are limited by the boundary conditions
on the sheet electron beam. Listed in Table I is a compilation
of the possible permitted interactions. Permitted interac-
tions are designated by an X, and the O denotes a nonal-
lowed interaction. The relations derived for the instability
growth rates are complicated and the results obtained de-
pend fairly critically on the parameters assumed. Numerical
evaluation of the cyclotron-instability growth rate in the Ka
band indicates a growth rate of about 10 sec™! for a ripple
amplitude of 5% of the guide field. The calculations indicate
that there is a shallow resonance in the growth rate at a field

3027 J. Appl. Phys., Vol. 50, No. 5, May 1879
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FIG. 2. Cross-sectional view of the experimental interaction region.

of about 7.5 kG. This peaking which is also apparent in the
experimental observations, is consistent with the resonance
condition found empirically by Schlesinger and Efthimion,
namely,

K0 — Iy =aw,. A3

In contrast with the cyclotron modes, the space-charge
wave instability growth rate scales with the two-thirds pow-
er of the ripple-field strength and linearly with the guide
magnetic field. These results follow from numerical evalua-
tion of the dispersion relation and adequately describe the
variations found over a fairly wide set of assumed values of
the experimental parameters. As stated above, interactions
are expected with the odd symmetry modes of the
waveguide.

Ili. APPARATUS

Figure 2 shows schematically the experimental appara-
tus. The electron beam was generated from a pulse line feed-
ing a carbon cathode with an emitting surface 50 mm X2
mm. The beam was injected through a slot 60 mm X 4 mm in
the anode into a stripline waveguide. The waveguide consist-
ed of two parallel plates of stainless steel (0.001 in.) mounted
on Lucite backplates. The stainless steel acted as the wave-
guide boundary and path for the beam return current. With-
in the Lucite and adjacent to the stainless steel was a wire
folded in a long tight “S™ through which was passed a cur-
rent which generated the ripple magnetic field. The wave-
guide was immersed in a vacuum and a guiding magnetic
field. The strength of the ripple and guide magnetic fields
were independent of each other and were the basic param-
eters varied during the experiment. Previous experiments
using iron to perturb the guide magnetic field have been un-
able to vary the ripple field independently of the guide-field
amplitude.

The beam diagnostics used included diode current and
voltage monitors, a Rogowski beam curent monitor, a resis-
tive shunt monitor to measure the driving current for the

TABLE . Selection rules for wave excitation.

Space charge Cyclotron
TE odd X O
TE even (0] o]
TM odd X (¢]
TM even (o) X

G. Providakes and J.A. Nation 3027
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TABLE 11 Experimental parameters.

Diode voltage 650 LV
Beam current 800 A
Electron-beam duration 90 nsec
Plasma frequency 2.27 GHz
Guide cutoff 23.5GHz
Period ripple 1.27cm

ripple field, and magnetic pickup loops to measure the guid-
ing magnetic field. The microwave diagnostics consisted of
high-pass waveguides with octave band detectors for the fre-
quency bands X, Ku, K, Ka and V. The X and the Ka band
had 300’ and 100’ dispersive lines, respectively, for the fre-
quency measurements. The frequencies distinguishable on
these lines were 8—12 GHz and 23-30 GHz. The detectors
were approximately 3 m from the output of the waveguide.
The total emitted power was determined from a spatial in-
tensity profile on a shot-to-shot basis. An additional array of
high-pass filters was built at 5-GHz intervals from 30-60
GHz to measure the power in these bands.

IV. EXPERIMENT

Experiments were done using a variety of waveguide
cutoff frequencies, ripple periods, and interaction lengths.
The experiment which will receive the primary attention in
this section was performed under the conditions listed in
Table II. The beam was generated using a Blumlein; oscillo-
scope records show that both the diode voltage and beam
current were constant in time through the 90-nsec plus to
within + 10%.

The expected interactions of a beam in a waveguide
with a primary cutoff frequency of 23.5 GHz can be seen in

Axial Magnetic Field B,

e 84 (KGouss)
+ 7.2
o 60
o 48

Power (MW)
o

0.01

o 350 700 1050 B,
Ripple Magnetic Field Strength [Gouss]

FIG. 3. Experimentally measured radiated Ka-band power as a function of
the rippled magnetic field strength. The several curves are appropriate to
different values of the magnetic field guide.

3028 J. Appl. Phys., Vol. 50, No. 5, May 1879

Fig. 1. The only modes that are intercepted by the space-

charge wave and the cyclotron wave are the TM,, and the ?
TE,,. These waves will only interact when the ripple field is
present to couple the waveguide and beam waves. Only the
cyclotron-wave interaction would be expected from the se-
lection rules due to symmetry arguments. The cyclotron- i
interaction radiation should occur approximately at 24 and

80 GHz for a very weak guiding magnetic field. As the guid-
ing magnetic field increased, the frequency of the interaction
should increase from the lower intercept point at 24 GHz to
35 GHz, and the 80-GHz intercept should drop to 35 GHz.
The magnetic field should be approximately 6.5 kG when
the lower intercept and the higher intercept meet at 35 GHz.
Any further increase in the field would drive the modified
cyclotron dispersion relation off the waveguide mode and
therefore turn off the instability.

From the arguments presented earlier, no interaction is
expected with the space-charge waves since the lowest mode
leading to an unstable interaction should be either the TE,,
or TM,, waveguide modes. The cutoff frequencies for these
modes, in the parallel-plate geometry, occur at about 47
GHz. Asshown in Fig. 1, no interaction is expected since the
beam modes are well away from the waveguide mode. As
will be seen later in the experimental results, an interaction
was observed with the lowest waveguide modes. This result
is contrary to predictions of the theory. Due to the wide
separation of the guide modes, the interaction is
unambiguous.

Figure 3 shows the radiation detected by the Ka-band
antenna. The guide field was fixed and a series of increasing
ripple-field strengths applied. The guide-field strength was
then increased and the experiment repeated. The behavior of
the radiation was the same in the ¥ band (Fig.4). A striking
feature was the low-percentage ripple required to excite the
instability; less than 1%. The radiation was strongly affected
by the guide-field strength. An increase in the guide-field

Axial Magnetic Field (B, KGauss)

1, o 84
+ T2
e 60
o 4.8

[eX]

Power (MW)

0.01F

s

A
350 700 1050 B, P
Ripple Magnetic Field Strength [Gauss] .

FI1G. 4. Radiated power in ¥ band as a function of the rippled-field strength.
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FIG. 5. Dispersive line measurements giving the frequency spectrum in the
Ka-band.

strength resulted in a lower-percentage ripple necessary to
achieve the same radiated power.

Experiments performed by other groups using a passive
system to create a rippled magnetic field were constrained to
use an approximately fixed-percentage ripple. These experi-
ments reported a 2-kG resonance in the Ka band attributed
to the cyclotron interaction and a linear growth in the ¥-
band power radiated with an increasing magnetic field. The
V-band radiation was attributed to a space-charge wave in-
teraction. A comparison of the experiment done here with
the above-mentioned experiments shows qualitatively simi-
lar features. It is apparent that the V-band radiation intensi-
ty increases linearly with increasing guide magnetic field if a
fixed-percentage ripple is used. However, Figs. 3 and 4 show
that for a sufficiently strong ripple magnetic field
(6 < B, /B, < 12%) the radiation drops in intensity and ap-
pears to saturate. The Ka-band radiation shows a resonance
with the axial guide field at fixed ripple-field strength. This
phenomena, which is also seen in Fig. 6, occurs at a magnetic
field satisfying Eq. (3) and is consistent with the observations
of Schlesinger and Efthimion.

The total power observed in the experiments are simi-
lar. Based on an intensity profile, we estimate 1 MW peak
power and the Columbia group reported 5 MW of peak pow-
er, albeit using a more powerful beam.

Figure 5 shows the calculated frequencies of the radi-
ation determined from the transit time of the microwaves
through the Ka-band dispersive line. The dispersive line
could distinguish frequencies between 23 and 30 GHz.. The
dispersive lines showed a two-peak radiation output consis-
tent with a fixed frequency of approximately 28.5 GHz fora
guide-field variation from 5.4 to 9.6 kG. This peak is consis-
tent with a space-charge interaction. The frequency is 20%
higher than predicted by simple-dispersion-relation phase-
matching conditions, but well within the tolerances of possi-
ble values of plasma frequency and beam energy. An addi-
tional important observation was that the second pulse
tuned with magnetic field. The second pulse had a frequency
of 24.5 GHz at 6 kG rising to 28 GHz at 8.4 kG at which
point the two pulses were no longer resolvable. The ripple
field used was chosen to give maximum total radiation. The
radiated frequency for magnetic fields above 8.4 kG showed
only a single-frequency-radiation pulse at 28 GHz.

The two signals had approximately the same power but
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different frequencies. One of these remained fixed in fre-
quency and could be identified with the space-charge inter-
action, while the second rose in frequency and is probably
the cyclotron-wave interaction. The shift in frequency with
magnetic field is not unambiguous since the dispersion of the
line is not much greater than the pulse duration.

The V-band radiation exhibited power curves similar to
those found for the Ka band; and since no shift in frequency
of the radiation was observed using the array of high-pass
filters, the radiation was identified as arising from a space-
charge wave interaction. The V-band radiation retained a
strong signal even with a strong magnetic field, confirming
the space-charge interaction. Again, as with the Ka-band
radiation, the power increased with the guide magnetic field
until it saturated. The percentage ripple required to reach
saturation or a turn on of the radiation dropped with increas-
ing magnetic guide field.

An examination of the dependence of the signal level on
the rippled-field strength indicates that the ¥-band power
output is consistent with a growth rate scaling with the rip-
pled-field strength to the two-thirds power. At higher signal
levels there is some evidence of scaling with the square root
of the ripple-field strength. The Ka-band power output is, at
weak magnetic fields, consistent with a linear dependence of
the growth rate on the rippled-field strength. At higher fields
the growth rate scales more slowly with B, . Both of these
results are reasonable and consistent with theoretical predic-
tions.

An alternative possible explanation of the radiation at
the lower frequencies was the cyclotron-maser''"" interac-
tion, where the velocity anistropy/inversion created by the
ripple magnetic field can drive an instability in an a homo-

+—t,
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3.6 48 60 7.2 84
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FIG. 6. Ka-band radiated power measurements as a function of the length
of the rippled-field structure. These measurements used a 1-kG ripple field
with a period of 1.9 cm. The guide cutoff frequency was about 10 GHz.
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geneous section following the rippled field. In order to create
the velocity anistropy/inversion, a short length of rippled
magnetic field (10-20 cm) is required. Instability growth oc-
curs in the remaining length of homogeneous magnetic field
where the electron distribution relaxes to its equlibrium
state. The intensity of the radiation from the cyclotron maser
is proportional to the length of the homogeneous section. In
the present experiment, the homogeneous section is 10 cm
long and the ripple section 65 cm long. If the homogeneous
section were enlarged at the expense of the rippled section,
the cyclotron-maser interaction should yield the same or
greater radiated power. The negative-energy-wave interac-
tion’ has the gain proportional to the rippled magnetic field
length. A reduction in the ripple-field length should, there-
fore, reduce the power proportionately. An experiment was
performed with a long period structure, 1.9 cm, in which the
ripple field was kept constant and the guide field was swept
from 3.6 to 8 kG. The ripple-field strength was 1000 G. Fig-
ure 6 shows the power versus guide magnetic field. The rip-
ple interaction length was 65 cm for curve A of Fig. 6. When
the interaction length was cut down to 30 cm, but the total
waveguide length remained the same, the power dropped
approximately 13 dB. This experiment provides a strong ar-
gument for the three-wave interaction.

V. CONCLUSIONS

Experiments have been carried out to observe the exci-
tation of the negative-energy space-charge and cyclotron
waves in a rippled magnetic field. These interactions have
been observed and their growth monitored as a function of
the experimental conditions. The wave growth was observed
with ripple fields as weak as 1% of the guide field and satura-
tion found at about the 1-MW power level with ripple ampli-
tudes of less than 12% of the guide field. The observation of
the frequency variation of the radiation with the applied
magnetic field showed that both the negative-energy space
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charge and cyclotron waves were excited at comparable
power levels. The experimentally observed decrease in pow-
er radiated with a decrease in the length of the rippled-field
section indicated that the cyclotron-maser interaction was
not the dominant source of the observed radiation. Finally,
we note that the space-charge wave interaction was present
in both the Ka and ¥ bands with the interaction occuring -
coupling to the 10 modes of the guide. This interaction mode
is inconsistent with the predictions of theoretical analysis.
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Microwave Generation Using Sheet Relativistic
Electron Beams

G. PROVIDAKES, J. A. NATION, anp M. E. READ

Abstract—Potential advantages in the use of a sheet electron beam for
generation of high-power microwave signals are discussed and preliminary
experiments to establish their applicability are reported. An examination
indicates that sheet beams probably have greatest utility in the frequency,
range 10-100 GHz.

HE use of intense relativistic electron beams for the
generation of high-power microwave signals has re-
sulted in the development of gigawatt sources at frequencies

Manuscript received January 20, 1977. This work was supported by
the Air Force Office of Scientific Research, United States Air Force,
under Contract F44620-75-C-0054. The United States Government is
authorized to reproduce and distribute reprints for governmental
purposes notwithstanding any copyright notation heron.

The authors are with the Laboratory of Plasma Studies, School of
Electrical Engineering, Cornell University, Ithaca, NY 14853,

of less than 10 GHz and megawatt sources at about 100 GHz
[1]-[7]. These sources enhance by better than two orders of
magnitude [8] the powers available from single source
systems. Techniques for the generation of these high-power
sources fall into two broad categories; axial bunching
devices [1]-[3] such as slow wave systems, and transverse
bunching systems such as the cyclotron [4]-[7] maser. The
available power from these systems scales approximately
as 1)f>* with the wave frequency [8]. At this meeting
power levels [9] of about | MW at a wavelength of 0.5 mm
have been reported and the generation mechanism identified
as Raman scattering [ 10] from fluctuations in the electron
beam. Since this generation technique depends on the
scattering of a pump wave from an electron beam, the guide
dimensions are determined by the beam pump requirements.
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We therefore do not expect that the scattered wave will be
subject to the same scaling limitations as indicated above
for the various bunching devices. In this instance the inter-
action efficiency depends on the “quiver” velocity of the
electrons in the pump wave fields. To obtain coherent
scattering requires threshold pump levels [11] of the order
of 50 MW/1 cm®. The frequency of the scattered wave is
related to the pump wave frequency f, by the relation
fie ® 4y%,. With an electron beam capability of up to a
few megavolts, we require pump waves in the range of tens
of gigahertz to generate submillimeter waves.

The generation of millimeter or submillimeter waves
therefore requires either the direct generation of the wave
or the availability of very powerful sources of radiation in
the tens of gigahertz range. We discuss in this article some
of the limitations on power production and indicate the
possible advantages inherent in the use of striplines for
increasing power availability at intermediate frequencies.
Initial results of microwave generation experiments using
a slow wave system excited by a strip electron beam are also
reported.

The scaling of microwave power inversely with the square
(or with losses 1/f%-5) of the frequency arises in conventional
tubes from limits set on the electron beam. The E-beam
power is, for a thermionic cathode, limited by the current
density and hence scales as the area of the guide. This
limitation becomes relaxed in the cold cathode devices used
for intense £-beam generation. The beam current is de-
termined by the beam-waveguide geometry in the interaction
region. For an infinitely thin annular beam of radius e in a
drift tube of radius b we find that the space charge limited
current is [12], [13]

_ 85003 — 1)°?
* In (b/a) ’

A finite thickness annular beam carries a somewhat
smaller current than that given above. Such a beam is also
subject to shear and can be liable to diocotron instability.
Diocotron instability [14] can be minimized by using a
sufficiently strong magnetic field to guide the electron beam.
This may result in the limitation of modes which can be
excited. Specifically, the negative energy cyclotron wave
excitation, in configurations such as the ubitron, would be
impossible with magnetic fields large enough to control the
diocotron instability in high shear beams. The effects of
reducing the beam current below the space charge limit
have been analyzed {[13] and show that relatively small
reductions in the beam current can lead to substantial
reductions in the beam shear. Ideally, the beam current does
not depend on the size of the drift tube but only on the ratio
of the beam-to-waveguide radius. In practice, some limita-
tions arise, principally due to the finite thickness of the
beam, which is difficult to reduce below 1-2 mm. Limiting
currents of about one-third of the value given above are
common in small tubes, whereas one can approach the full
limiting current in larger tubes where the beamwidth is
small compared to its radius. The beam current can be
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Fig. 1. Schematic of ridged waveguide structure.

made large if a thin beam is generated close to the wave-
guide wall, and for a fixed thickness beam scales linearly
with the tube radius. Unfortunately, the beam location is
frequently fixed at a given fraction of the tube radius in
order that efficient coupling to the wave can occur. For
example, in the coupling to a TE,; mode it is desirable to
have the beam located at about half the tube radius.

It is clear that current density limitations are not the cause
of the rapid decrease of RF power with increasing frequency.
In addition, the intermediate frequency signals have been
mainly generated using the interaction of an harmonic of the
cyclotron wave with a higher order TE,, waveguide mode
or by the interaction of a “rigid rotor” beam rotating
synchronously (or at a rate shifted by the relativistic cyclo-
tron frequency) with the wave fields. The interactions in
both cases are rich in harmonic content. Finally, it should
be pointed out that the limitations are probably not arising
from nonlinear effects except perhaps for the lower voltage
(submegavoit) or low frequency (< 10 GHz) regimes.
Assuming propagation in the TEy, mode at a frequency of
about 1.6/, we find the electric field of the wave is about
3(P)"?/a where P is the wave power and a the tube radius.
For a significant nonlinear effect one might expect $E24 ~
(94 — 1)mc?fe where y, is the drift energy of the electrons
which is related at the space charge limit to the injection
energy by y, = y;/}. This only appears likely at powers in
excess of 1 GW which have been observed for wave fre-
quencies of less than about 10 GHz, or for submegavolt
beams. From a phenomenological point of view, the wave
power availability does exhibit a 1/f%? scaling and power
is limited below desired levels in both the millimeter and
submillimeter regimes.

We now address the issue of using sheet beams for micro-
wave generation and point out some of the differences be-
tween the sheet configuration and an annular beam in a
waveguide. For a thin beam of width W located between
two symmetrically placed conducting boundaries separated
by a distance S, the limiting current is

_ 8500y°° — 1)**w
2nS '

1

SC

For a length of beam about one-half of the circumference
of the annular beam, one may achieve comparable im-
pedance operation. The factor of 2 (b — a ~ s) arises from
the fact that the beam fields extend equally to either wave-
guide plate. This factor of 2 in the current density may be of
significance when bunching is important. More immediately
significant, however, is the point that high beam currents
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Fig. 2. Brillouin diagram for ridged waveguide structure.

are achieved with the beam located on the axis of symmetry
of the system, that is, at the peak axial field location for a
TM,, mode and the peak transverse field for a TE,, mode.
It seems possible to produce sheet beams with thicknesses
of 1-2 mm and widths of up to 50 cm provided that instabili-
ties can be controlled. The diocotron instability is still ex-
pected to be present in this configuration but should be
stabilized by a sufficiently intense magnetic field. At com-
parable beam current densities and with equal microwave
power densities, a sheet beam should be capable of enhanc-
ing RF power capabilities by one to two orders of mag-
nitude over cylindrical beams, with the greatest effects at the
higher frequencies.

Some initial experiments have been carried out to assess
the utility of sheet beams for high-power generation. The
configuration is shown in Fig. | where we illustrate a back-
ward wave oscillator (BWOQ) designed to operate at about
25 GHz. The BWO configuration was chosen solely for ease
of construction and comparison with theory. Other devices
such as the cyclotron maser and the ubitron may have better
field geometries and permit higher power level operation.
The beam was 5 cm wide and had a thickness of about 2
mm. The slow wave structure was formed by a ridge-loaded
parallel plate waveguide and had a length of 40 cm. The
beam entrance to the structure was tapered to ensure reflec-
tion of the backward wave for coupling out of the system.
The Brillouin diagram [15] for the structure and a slow
space charge wave is shown in Fig. 2. The period and trans-
verse dimensions were chosen for BWO operation. Two
systems were used: one with a tooth depth of 2.8 mm and
the second with a tooth depth of 1.9 mm. Operation of these
two systems should be at frequencies of about 20 and 26
GHz, respectively. The paraliel plate structure was mounted
in a cylindrical waveguide of 7.5-cm diameter. The tube also

provided a return path for the beam current. A gradual taper
was used to match the planar guide to the oversize cylin-
drical system which in turn fed a 10° half-angle cylindrical
antenna to couple to free space. The beam was fed from a
Marx-Blumlein system at 300-500 keV at a beam current
in the range 500-2000 A. This current range was somewhat
below the limiting current. The beam was confined and
guided by an axial magnetic field of 10 kG. Damage patierns
of the beam taken downstream of the structure showed no
gross breakup or filamentation at these fields.

The microwave emission was monitored in the X, Ku, K,
Ka, and V bands. With both structures, significant radiation
was only monitored in the K, Ka, and V bands. Based on the
detector characteristics, we conclude that the deeper tooth
structure oscillated at a frequency very close to the cutoff of
the Ka-band detector and the shallow tooth structure
oscillated in the Ka band. These results are consistent with
calculations of the dispersion relations for the system which
predict oscillation at 20-22 GHz and 26-28 GHz, respec-
tively. The V-band detector was uncalibrated but recorded
RF emission in the 50-75-GHz range. No absolute signal
level statements can be made, but the emission was at least
25 dB above the noise level. The V-band radiation could
arise from an interaction with the second harmonic of the
two structures, There was little variation of the output
power with the beam voltage or current in the range of con-
ditions used. Varying the length of the structure also en-
abled us to find the minimum structure length for oscilla-
tion. This was about 15 cm for the beam currents used and
is in reasonable agreement [16] with calculations of the
starting conditions. The excess structure length also en-
hances the probability of exceeding the switch on.conditions
for the higher frequency radiation. The complete removal of
the structure, or the covering of the ridges with a thin alu-
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minum foil, reduced the signal level by at least 40 dB.
Finally, we note that there was no dependence of the
radiation, other than that noted above, on the magnetic field
strength. The power in both ridged guide structures was
estimated to be about 2.5 MW,

The BWO was also operated directly from the Marx and
ran at slightly reduced power levels. It was, however, subject
to switching on and off during the 4-us pulse. It seems pos-
sible that this results from the poor field geometry, where
substantial enhancements of the local electric field can

Joccur close to the sharp corners of the ridges and may result

in breakdown. Even allowing operation at only the current
power densities, a scaling of the system to a 50-cm width
should lead to radiation powers of about 25 MW. This
radiation level is comparable to that achieved in the trans-
verse bunching devices. Present experiments are aimed at
running with wider beams and at improving the electric
field geometry within the slow wave structure. The scaling
to greater widths will be accomplished in a coaxial geometry
where the inner and outer conductor radii are approximately
equal. This has the advantage of rem~ving possible fringing
field instabilities and also permits any off-axis waves to
grow before decoupling from the system.

We conclude that it seems possible to use striplines as a
means of enhancing the total power capability in the inter-
mediate frequency range (say 10-100 GHz). Assessments of
overall efficiency and ultimate widths obtainable require
additional work. Modest devices appear capable of pro-
ducing at least comparable power to that achieved using
harmonic interactions of the cyclotron maser.
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Abstract

Observations of microwave radiation generated in the funda-

mental (TEll) circular waveguide mode by an intense relativistic

clectron beam are reported . Radiation is in the X band at power
levels to 10 MW. The radiation is generated in a smooth guide,
and is attributed a fast cyclotron wave. Radiation at reduced

power levels in the Ku, K, Ka, and V bands is also reported.




The production of microwaves using intense relativistic electron
beams has been a topic of continuing research for some time. Of
most interest has been the interaction of the fast cyclotron mode
of an IREB with smooth circular waveguide modes. Very high powers
in the cm and mm bands have been achieved with this interaction,
the largest being 1.0 GW in the 3 cm band?) and 3 GV in the 10 cm
band.(ZJ The power from the 3 cm band experiment was attributed to
an instability arising from a population inversion.(s) This type
of device, generally termed a ''cyclotron maser' has been successful
in producing high power in the cm and mm bands and,with 25 - 100 KV
electron energies,at high efficiency.(4) Thus it appears promising
as a useful source for fusion research and high power communications.

We report here on work examining the production of microwave
in the cm and mm bands where diode conditions have been used to
impart perpendicular energy to the beam. Emphasis is placed on
the radiation from the fundamental (TEll) mode of a 2.8 an diameter
waveguide. Powers of up to 10 Mwatts were observed in this mode
with lesser powers at frequencies up to 70 GHz. The radiation peaks
at low magnetic fields where the perpendicular energy of the beam
is expected to be greatest.

The experiment is shown in Figure 1. An IREB was produced by

a cold cathode diode fed by a 7 @ Marx-Blumlein pulse forming
system. Diode voltages up to 600 kV with a pulse width of 90 ns

were used. Beam currents were on the order of 1 KA. For most of

the experiments the beam was annular with an outer diameter of 1

cm. The beam was propagated in vacuum in 2.8 to 7.5 cm diameter




smooth wall drift tubes. The 2.8 cm tube would propagate only the
fundamental guide mode for frequencies under 10.1 Giz. The radi-
ation was coupled out with a 10° half angle horn. Detection of
the radiation was by broad band crystal detectors, coupled by
standard gain microwave horns and guide. The frequency in the X
band was determined by a dispersive guide. The frequencies of
higher modes were estimated using Ku, K, Ka, and V band waveguides
as high pass filters. The diode voltage and current, and beam cur-
rent were measured conventionally.

Radiation was observed in the X, Ku, K, Ka and V bands, but
extensive measurement was undertaken only in the X band. We discuss
observations in the higher bands near the end of this note.

With the 2.8 cm diameter drift tube, the X band radiation
appeared at two separate frequencies. The lower frequency (< 9 @&z)
radiation peaked at approximately 4 kGauss, dropping rapidly as
the magnetic field increased. See Figure 2. The frequency of the
radiation increased monotonically with magnetic field, as shown in
Figure 3. Higher frequency radiation was observed simultaneously,
having a much slower fall-off with magnetic field and was similar
to that reported by Friedman et al.(s)

The power of this radiation was strongly dependent upon the
contour of the magnetic field, requiring a mirror at the diode to
maximize the microwave emissicn. The optimum mirror ratio was
1.4/1.

The radiation produced below 10.1 (Hz must be in the TE

11
mode since all other modes are cut off. Since the radiation is
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strongly magnetic field dependent and produced in a smooth waveguide,
where the waveguide modes have phase velocities greater than the
spped of light, we attribute it to the fast cyclotron mode of the
beam. A comparison of the observed frequencies with those predicted
by intersections of the fast cyclotron beam mode (w = kv + Qc/y)
and the TEll waveguide mode dispersion relations is shown in Figure
3. The disagreement of about 1 GHz may be due to space charge
effects not included in the theoretical prediction. The higher
frequency radiation may be due to the interaction of the TE21 wave-
guide mode and the first harmonic of the cyclotron mode.

Both the fast cyclotron and waveguide modes are positive energy
waves, and therefore require a source of free energy in the form
of a population versicn: inversion or temperature annotropy.for
growth. In this experiment a population inversion is apparently
provided in the diode by EXBdrifts producing large amounts of
perpendicular energy on the beam for low magnetic fields. The
mirror enhances this perpendicular energy and provides a large
enough magnetic field to allow good beam propagation in the drift
section. Analysis of the beam dynamics shows that it is not possible
(although only marginally), with the magnetic fields utilized, for
single electron orbits to encircle the axis. With the single
electron orbits not encircling the axis the interaction cannot be
attributed to the ''rigid rotor' interaction described by Sprangle.(ﬁ)
Rather, this interaction seems to be best described in the cyclotron
mascr mechanism discussed by Ott and Manheimer,(s) and, in the non-

)

linear regime, by Sprangle and Manheimer Growth lengths on the
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order of 2-3 an (e folding) are in agreement with those predicted

and with other experiments where this mechanism was assumed.
Maximum powers observed were about 10 Mwatts, indicating a

relatively low (v 2%) efficiency. This is in line with experiments

where a ripple in the magnetic field was ermployed to introduce

beam perpendicular energy. It is, however, much less than the 30%
that was reported for a similar ;xperiment in the 10 cm band by i
Didenko et al.(z) Didenko found, however, that somewhat higher
beam energies (900-1200 KeV) were necessary for efficient micro-
wave production.

Power was also observed in Ku, K, Ka, and V bands. The 1
dependence of the radiated power with the magnetic field strength g
is given in Figure 4 for the XKu, K, and Ka bands. No calibrations
were available for the V band detector. The presence of substantial
power at high frequencies is a characteristic of the harmonics with
the fast cyclotron interaction, and has been observed elsewhere.(s)

In conclusion, it has been observed that it is possible to
excite radiation in the TEll mode with a fast cyclotron wave.
Efficiencies achieved were similar to those seen with the TEO1 mode.
The.interaction seems best attributed to a cyclotron maser mechanism,
although the ''rigid rotor' type mechanism cannot positively be ruled
out. Experiments at higher electron energy may better define the

interaction,
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Diagram of the experiment.

Power received in the X-band as a function of magnetic
field strength. Circles and squares represent radia-
tion of frequency less than and greater than 9 GHz,

respectively.

Observed and calculated frequencies of radiation in

et Al gt

the TEll‘mode as a function of magnetic field strength.

Power of radiation in the Ku, K, and Ka bands as a
function of magnetic field strength. The ordinate

scale is approximately equal to that of Figure 1.
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Slow space-charge wave propagation on a relativistic electron beam

G. Gammel,* J. A. Nation, and M. E. Read®

Laboratory of Plasma Studies and School of Electrical Engineering, Cornell University, Ithaca, New York 14853
(Received 18 January 1979; accepted for publication 8 May 1979)

A description is presented of an experimental study of the growth and propagation of a large-
amplitude slow space-charge wave on a weakly relativistic electron beam. The wave is grown as a
result of an unstable interaction between a slow space-charge wave on the electron beam, and the
TM modes of a periodic waveguide. Following wave growth the modulated beam is propagated
through a cylindrical waveguide. Experimental results show that we have grown, and can
propagate, a coherent wave, having a peak electric field of 60 kV/cm, with a phase velocity of
0.29¢. The results presented have application to the collective acceleration of ions in intense

relativistic electron beams.

PACS numbers: 41.80.Dd, 52.35.Fp

INTRODUCTION

A number of experiments have been reported ''! in
which high-power relativistic electron beams are used for
collective ion acceleration. Many of these accelerators rely
on the acceleration which occurs at the head of an electron
beam, as it propagates into a low-pressure gas, or into a vacu-
um through a dielectric anode. We describe in this paper
experiments carried out to investigate the applicability of a
train of large-amplitude slow space-charge waves to collec-
tive acceleration. This scheme, '>"'* and related wave accel-
erator '>-'7 devices proposed elsewhere, provides accelera-
tion of the ions by the control of the phase velocity of the
wave. This approach is scalable to yield high-energy ion
pulses.

In the following sections we describe the results of an
experimental investigation of the growth, propagation, and
control of large-amplitude space-charge waves on a weakly
relativistic electron beam. The experiments demonstrate
that we have succeeded in growing a coherent space-charge
wave train on an electron beam. The wave has a measured
electric field of up to about 60 kV/cm, and the phase velocity
of the wave has been shown to vary experimentally as pre-
dicted with the experimental conditions employed. In the
configuration described a wave velocity of less than 0.3c has
been achieved. This is consistent with expected values for the
experimental configuration used. Methods for reduction of
the phase velocity to about 0.2c will be indicated and possi-
ble injection devices for preaccelerating protons to this ve-
locity will be described.

REVIEW OF ACCELERATOR CONCEPT

A space-charge wave accelerator is shown schematical-
ly in Fig. 1. It consists of three essentially independent sec-
tions: (i) an ion preaccelerator; (ii) a wave-growth section;
and (iii) an acceleration section.

The preacceleration section is required to generate an

*Present address: Brookhaven National Laboratory, Upton, Long Island,
N.Y. 11973,
""Present address: Naval Research Laboratory, Washington, D.C. 20375
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adequate supply of about 20 MeV ( 8~0.2) protons for in-
jection into ‘he collective accelerator. It has been proposed
that the wave will be grown around the ions and that the
accelerator phase will follow. In this report we shall describe
the wave-growth section, and provide data on the propaga-
tion characteristics of the unloaded wave in a uniform
waveguide.

The wave-growth section consists of a disk-loaded wave-
guide in which a series of up to nine weakly coupled cavities
are excited in the TMO10 cavity mode. The coupling be-
tween the cavities is essentially provided by the electron
beam as it propagates through a central iris in the slow wave
structure. Wave growth, which is extremely rapid (the dis-
tance for the signal to e-fold is approximately equal to the
length of a single cavity), occurs as a result of the unstable
interaction between a slow space-charge wave on the elec-
tron beam and the electromagnetic modes of the structure.
Coupling occurs betwen the axial electric field of the space-
charge wave and the axial fields of the TM modes in the
system. Structures of this type have been extensively investi-
gated in the context of microwave tubes and have been wide-
ly reported in the literature. '

Following growth of the wave to its desired amplitude it
is extracted into a uniform cylindrical pipe. In this section
the electromagnetic modes are beyond cutoff and coupling
of the wave to the protons occurs, provided that the ion ve-
locity is sufficiently close to the wave phase velocity. In the
absence of ion loading the phase velocity of the wave is given
by

10N
SOURCE AND
INJECTOR
ELECTRON WAVE
BEAM GROWTH ACCELERATOR
GENERATOR REGION

FI1G. 1. Block diagram illustrating the principal components of a space-
charge wave accelerator.
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FI1G. 2. Electron and wave phase velocities, normalized to the speed of light,
versus the ratio of the electron beam to space-charge-limiting current. The
solid curves apply to a 700-kV beam and the dashed curves to a 350-kV
beam. The electron velocity curves are characterized by the subscript D and
the wave phase velocity by the subscript ¢.

pJo(k.a) - 1(pb) K( pa) — I pa)K(pb)
k Jika)  I(pb)K(pa)+ I(pa)K(pb)’

wherep? = k3 — w?/c*and J, K, and 1 are Bessel functions.
In these expressions we assume a uniform beam of radius a,
which is guided by a strong axial magnetic field, propagates
through a tube of radius b. The transverse wave number k| is
related to the axial wave number &k, and the beam param-
eters through the relation

( k% — o’ )'/2

w=k,v—o ,

Tk +kYE -0

wherew, = (ne’/ y’e,m)"’?, and v are the plasma frequency

and beam velocity, respectively. One may approximate the
full relation, at least at low phase velocities, by

w=kv—o, —

Pk
where k2 =k? + k2 and

ka=24.

Figure 2 shows a plot of phase velocity of the wave, as a
function of the beam to limiting current, in the structure
used in these experiments. The plots given are appropriate to
the wave frequency excited by the structure. The upper
curves show the electron drift velocity in the beam. The two
curves are appropriate to injection energies of 700 and 350
keV, respectively.

To utilize the slow wave for ion acceleration requires
that the ions be injected into the wave train nonadiabatically,
and at an energy such that they can be trapped in the wave
space-charge wells. These wells are typically about 200 kV
deep and travel, at beam currents close to the space-charge

5804 J. Appl. Phys., Vol. 50, No. 8, September 1979

limit, at a velocity of about 0.2c. For protons this will require
a 20-MeV injection energy. Subsequent acceleration may be
achieved by increasing the wave phase velocity at a rate
matching the acceleration achieved due to the wave electric
field. The phase velocity may be controlled by varying the
effective plasma frequency of the beam electrons. Several
techniques have been proposed to achieve this including ex-
panding the beam in a diverging field, '° and also by converg-
ing the waveguide walls. '® This latter scheme is probably the
most attractive one since it retains the well-collimated small-
diameter beam. The attractiveness of such an accelerator lies
in its capability of accelerating at very high electric fields (~
1 MV /cm) while providing focusing of the ions in the elec-
trostatic well of the electron beam. In addition the high pulse
power technology which has been developed in recent years
allows acceleration of high flux densities of ions.

Figure 2 also illustrates one of the problems associated
with the use of the slow-charge wave for ion acceleration.
The low phase velocities required to pick up the injected ions
are only available at beam currents close to the limiting cur-
rent. 222 The lowest phase velocity attainable in the experi-
mental configuration reported here is about 0.2c; this does
not reflect the lowest velocity attainable in any practical de-
vice. It has been shown that the wave phase velocity tends to
zero at low frequencies when the current approaches the
limiting current. In fact Godfrey has shown that for arbi-
trary beam profiles the wave phase velocity v, varies as

v, « (I, — 1)

at currents close to the limiting current. [Godfrey ** has also
shown that the lowest attainable phase velocity is magnetic
field dependent and approximately given by

Vg |omin =13 7, (w,/@,)*.] The limitation imposed by the
beam dependence of the wave phase velocity on the beam
current is not present if one excites the cyclotron wave. This
wave has been studied extensively theoretically and by com-
puter simulation. '*** Previous efforts to excite this wave,
albeit at high frequency, have however only met with limited

Success.
In the following we shall describe the results of experi-

ments investigating (a) wave growth and extraction and (b)
wave propagation. A brief discussion of a possible injection
system, suitable for the space charge accelerator is also
given.

EXPERIMENTAL ARRANGEMENT AND RESULTS

In the experiments reported the electron beam was gen-
erated using either a Marx-Blumlein arrangement or by di-
rectly connecting the Marx generator to a vacuum diode.
These facilities yielded electron beams with durations of or-
der of or greater than 100 nsec at diode voltages of 700 and
300 kV, respectively. Diode currents in excess of the space-
charge-limiting current were readily available. The electron
beam was generated using a foiless diode and a pencil beam
carrying a current of order | kA propagated through the
experimental device. The beam was guided and confined ra-
dially by an axial magnetic field. In most experiments the
magnetic field strength was maintained about 12 kG, al-
though in some later experiments it was decreased to 6 kg in

Gammel, Nation, and Read 5604
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FIG 3. Schematic illustration showing wave growth and drift regions. The
antenna loops are, in fact, recessed behind the drift-tube walls.

order to provide a confinement over a total experimental
length of about 2.5 m. The beam current was measured at
axial locations using Rogowski coils, and the beam location
and size (as required for estimating the space-charge-limit-
ing current) determined by witness plates. A schematic of
the experimental section is given in Fig. 3.

Measurements were made of the wave characteristics
using magnetic pick-up loops. In the wave-growth region
these probes were singie loops located at the end of the cav-
ities. Electrostatic pick-up was unimportant since the probes
were well shielded by the cavity walls. In the transport re-
gion, following the wave growth, the probes were recessed
behind the wall of the guide and consisted of two oppositely
wound turns feeding a hybrid coupler operated in the 180°
mode. As evidenced by the rotation of the probes through 90°
the common mode electrostatic pick-up was more that 13 dB
below the detected magnetic pick-up signal. The output of
the pick-up loops was either fed directly to a fast oscilloscope
or to a calibrated crystal detector. The probes were calibrat-
ed using a sweep oscillator feeding a transmission line con-
sisting of the experimental guide and a center conductor.
With this arrangement the probe signal was directly calibrat-
ed in terms of the azimuthal magnetic field immediately in-
side the waveguide wall.

The pick-up loops were used for two measurements,
first to determine the axial electric field of the wave and
secondly to measure the phase velocity of the wave. The for-
mer quantity was determined by measuring the magnetic
field of the wave (using the pick-up loop and calibrated crys-
tal detector) and from it and a knowledge of the wave-field
relations, the electric field on axis was evaluated. The phase
velocity measurements were made by determining the phase
shift between a pair of magnetic pick-up loops separated by a
known distance. This interferometric measurement tech-
nique and the electric field determination technique are de-
scribed in detail elsewhere. '

WAVE-GROWTH MEASUREMENTS

Wave growth was monitored as a function of position in
the nine cavity system shown schematically in Fig. 3. Each
cavity was 6.3 cm in radius and 5.0 cm long. The radial fins
were approximately 3 mm thick and were coupled through
central 2.6-cm-diam irises. The effective electrical length of
the radial stubs was increased by filling them with Lucite.
With a beam current of about 1 kA the wave growth rate was

5605 J. Appl. Phys., Vol. 50, No. 9, September 1979

measured and found to be about 4 dB per cavity at 700 kV
and 2 dB per cavity at 330kV. In some experiments a shorter
wave-growth section was used. In this system the radial fins
were terminated (see inset in Fig. 4) in annular disks of 1.1
cm radius and 2.5 cm long. The cavity Q was somewhat
higher in this configuration and the growth rate correspond-
ingly larger having a value of 5 dB/cavity at 330 kV. The
operating frequency was slightly lower for this latter struc-
ture with wavc growth at 1.05 GHz instead of 1.25 GHz
observed with the simple fin structure. In both cases the
bandwidth of the structure was small and was measured as
less than 40 MHz. High-sweep-speed oscillographs show co-
herent single-frequency wave trains extending over at least
30 nsec.

Wave r£-owth also occurs at a frequency of about 3.0
GHz in the structure shown. The growth occurs as a result of
the unstable interaction between the slow space-charge wave
and a higher-order mode (TMO02) of the slow wave system.
The growth occurs later in the pulse than the fundamental
and requires a higher beam current. Detailed measurements
were made of this effect at lower frequency. With an artificial
dielectric, having a relative permittivity of 12, the funda-
mental was observed at 0.57 GHz and the next passband was
centered on 1.4 GHz. The 570-MHz signal grew to a maxi-
mum and decayed being replaced, about 40 nsec into the
pulse, by the higher-frequency mode. The electric field asso-
ciated with the higher-frequency wave was estimated to be
about 25% of that found for the fundamental.
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F1G. 4. Wavegrowth results. (a) Current threshold for wavegrowth as a
function of the resistivity (in §2 /0) of the resistive sheet in cach cavity. (b)
Output power, in the homogeneous drift region. as a function of the resistive
damping. (c) Relative signal strength in the wave-growth cavities as a func-
tion of the cavity number, measured from the diode end of the structure.
The different curves are appropriate to the resistivity of the resistive sheets
in each cavity.
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The high growth rate of the waves is not entirely desir-
able and experiments were carried out to investigate a tech-
nique for the control of the wave growth rate. Figure 4 shows
the result of inserting resistive sheets in the cavities at the
location of the inside edge of the dielectric filler. The insert in
the upper part of Fig. 4 shows schematically the wave-
growth structure used in this experiment. The upper curve
indicates the onset current for the instability as a function of
the resistivity (in £2 /00) of the resistive sheet. The middle
curve shows the relative signal detected on a probe in a uni-
form pipe, following the growth of the signal through the
structure. The growth rate was reduced from approximately
5 dB per cavity to less than 1 dB per cavity as the resistivity
was reduced to 500 2 /0. Even in the undamped nine cavity
case the signal had not saturated and hence the extracted
wave amplitude was not maximized. Simple arguments con-
firm that resistive films having resistivities of order of 2
k2 /O wil lead to dissipation rates in the cavities sufficient to
cause a significant reduction in the stored energy. Note that
the additional dissipation in the cavities does not lead to
enhanced instability with the negative energy wave as would
occur with resistive walls in the uniform section.

WAVE AMPLITUDE AND PHASE VELOCITY
MEASUREMENTS

Following the wave-growth region the modulated beam
is extracted into a uniform cylindrical pipe. In this region the
electromagnetic modes are cut off and only the modulated
beam propagates. In the finite-size tube the space-charge
wave propagates and is described by the dispersion relation-
ships given in Egs. (1) and (2). Due to the proximity of the
walls, there is a finite electromagnetic field component asso-
ciated with the wave. The magnetic field of the slow wave is
measured by the double probe described earlier and in more
detail elsewhere. ' Two double-probe assemblies, separated
from each other by a known distance, were used to deter-
mine the phase shift between the probes and hence the wave
phase velocity. Figure 5 give a reproduction of oscilloscope

W}mv mv
0 o.‘
50+ \/ 50t ;
mv ymyv
° o
100 201
ymv v
—_—
«-50nsec—

FIG. 5. Oscilloscope traces showing the detector outputs from the interfer-
ometer. The left-hand data corresponds to constructive interference and the
right-hand data to destructive interference. The top four traces represent
the reference signals from the probes (on a 50 mV /div sensitivity) and the
lower traces the interference signals (on 100 mV/div constructive interfer-
ence, and on 20 mV /div for the destructive interference). The bottom scale
mark shows a 50-nsec time interval.
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FIG. 6. Interference pattern obtained by charging the length of an air sec-
tion in one of the interferometer arms.

traces showing the reference signals, and the combined sig-
nal at locations close to 2 maximum and close to a minimum
in the interference pattern. An interference pattern, obtained
by varying the length of one of the arms of the interferomet-
er, is shown in Fig. 6. The points were obtained on a shot-to-
shot basis and were accepted if the reference signals (taken
from each probe before superimposing the waves) were equal
to within + 10%. The abscissa gives the length of the tele-
scoping air section in one of the interferometer arms. The
phase velocity is determined directly from this measurement
and is correct to + 10%. The experimental error results
from two contributions; the error in the determination of the
location of 2 minimum in the standing-wave pattern and
second from the error in the determination of the difference
in the rather long cable lengths ( ~ 50 m) from the experi-
ment to the screen room. The latter determinations was ac-
complished using an interferometer and a time-domain re-
flectometer. The results agree with each other. In some
experiments it was possible to interpret the observations
with two possible values of the phase velocity. This ambigu-
ity could be resolved using three pairs of probes. With the
three-probe measurement the difference in cable lengths can
also be eliminated from the phase velocity determination.

The results of this investigation are shown in Fig. 7. The
ordinate on these curves represents the space-charge wave
velocity normalized to the calculated drift velocity. The drift
velocity, computed as a function of the current to the limit-
ing current, has been shown in Fig. 2. The ratio of the beam
current to limiting current was determined by the amplitude
of a Rogowski coil output, measured close to the phase ve-
locity measurement ports, and compared to the limiting cur-
rent determined from the relation

_17000( P71 — 1)Y?
14+2Inb/a)

The beam radius a was estimated from damage patterns.
The wave electric field was determined from measure-
ment of the magnetic probe output. The system was calibrat-
ed to determine the detected signal, in terms of the magnetic
field, at a radius just inside the drift-tube wall. Cable losses
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FIG. 7. Summary of wave phase velocity data obtained as a function of the
beam to space-charge-limiting current.

and insertion losses of all components were carefully mea-
sured. The electric field at the beam location was then calcu-
lated from the magnetic field using Eq. (1) where a previous
experimental result, for the determination of the wave veloc-
ity, was used to determine k, and k at the operating
frequency.

The experimental results obtained indicated electric
fields of up to 60 kV/cm at the beam location. At these fields
this corresponded to rf peak-to-peak voltages of up to 60%
of the diode accelerating voltage. The rf current amplitude
reached 90% of the net dc beam current. The spread in data
at a given set of operating conditions corresponded to about
a 20% scatter in the calculated field strengths.

Measurements of the wave amplitude along the length
of the uniform section showed that the wave amplitude de-
cayed at a rate of about 8 dB/m.

An additional measurement was made to establish con-
trol of the wave phase velocity by changing the waveguide
wall size. In this experiment the drift-tube size was increased
from a 2.9-cm to a 7.2-cm diameter in a length of 130 cm.
Due to the increased length of the experiment we could only
provide a 6-kG magnetic field. The experiments indicated
that the wave phase velocity initially decreased and subse-
quently increased again. This unexpected result was found to
be independent of the wave and purely a function of the
weaker magnetic guide field. Damage patterns taken along
the length of the expansion cone showed that the beam ex-
panded in transit through the section. The observed reduc-
tion in phase velocity and the subsequent increase is ade-
quately described by the dispersion relations, provided the
heam expansion across the magnetic field lines is included in
determining the ratio of beam to limiting current. This ef-
fect, which was strongest at higher beam currents and weak
magnetic fields, is most likely due to the presence of Dioco-
tron instability. Diocotron instability can develop at higher
beam currents, even with a solid pencil beam injected, due to
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the tendency of the beam to become hollow as the current
approaches the space-charge limit,

Present work includes experiments, using annular
beams at current approaching the space-charge-limiting val-
ue, to obtain low-phase-velocity high-electric-field ampli-
tude wave propagation. Magnetic shear will be introduced at
the beam location in an attempt to control the anticipated
Diocotron instability.

DISCUSSION OF RESULTS

The previously described results may be summarized as
follows:

(1) Slow wave structures have been successfully used to
grow large-amplitude space-charge waves on a relativistic
electron beam. Dissipative elements, within the structure
cavities, have been successfully used to control the instability
growth rate.

(2) Measurements have been made of the wave phase
velocity following extraction of the modulated beam into a
uniform tube. The phase velocity variation with the ratio of
beam to limiting current compares well with theoretical esti-
mates. The lowest value of phase velocity obtained was
0.29¢. With a modified structure, designed to support a low-
er phase velocity wave, it seems probable that velocities
down t0 0.2c will be achieved. An experiment using an annu-
lar beam is currently in progress to identify the useful lowest
phase velocity achievable.

(3) Wave electric fields of up to 60 kV/cm have been
obtained. These values are comparable to those achieved in
conventional accelerator systems. The systems used showed
no signs of saturation at the operating levels. With the cur-
rent annular beam system we anticipate that we shall be able
to investigate wave growth to levels approaching 300
kV/cm.

(4) The observed variation of the phase velocity of the
wave with the beam current (Fig. 7) coupled with the diverg-
ing guide experiment show that it is possible to control the
wave phase velocity. A method to control Diocotron insta-
bility has been analyzed by Ott and Wersinger ** and is cur-
rently being tested experimentally.

At this stage it appears resonable to achieve a collec-
teive accelerator system which will accelerate ions from 0.2¢
or slightly lower velocity, with fields competitive to or great-
er than those presently used in accelerators. The experi-
ments carried out to date have established wave coherence
over the pulse duration and throughout the maximum drift
region (~ 1.5 m) used. The major practical impediment in
the way of utilizing a space-charge wave collective accelera-
tor is the high injection energy required. Assuming an injec-
tion velocity of 0.2c means that we require a preacceleration
of protons to about 20 MeV. Perhaps the most suitable injec-
tor for a high flux wave accelerator would be the linear in-
duction accelerator. To data no experiments have been car-
ried out in which high current ion pulses have been
accelerated in an induction accelerator, although work is
currently under way at Berkeley in which it is planned to
accelerate caesuium ions in such a device.

For the purposes of demonstrating the wave accelerator
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in a test device we plan to utilize another collective accelera-
tor, namely, a Luce diode, to produce the 20-MeV protons.
The configuration planned to generate the jon beam and a
second generator for the wave growth have been described
elsewhere, '
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SPACE CHARGE WAVES AND COLLECTIVE ION ACCELERATION

!}
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R. WILLIAMS
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Engineering
Cornell University
Ithaca, N.Y. 14853

The Cornell University program, to investigate the
use of large amplitude space charge waves on electron beams
for collective ion acceleration, has been outlined at the
2nd International Topical Conference on High Power Electron
and lon Beam Research and Technologyl. In this paper we
report on progress made towards achieving a coherent wave
train with a low phase velocity, and a large amplitude
electric field.

Experiments will be reported which describe the vari-
ation of the wave phase velocity with the ratio of the beam
to limiting current. Experimental measurements show that
we have achieved slow waves with large electric field
amplitudes, and that we can control the phase velocity of
the wave by adjusting the ratio of the beam current to the
limiting current.

The wave accelerator requires an ion injector heaving
an output proton energy of up to about 20 MeV. For the
demonstration accelerator project, we plan to use a Luce
diode to cullectively accelerate the protons to the re-
quired inje:tion energy. A progress report is presented
describing :he performance of our injector system anc the

outcome of experiments designed to help elucidate the
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physics involved in the ion acceleration,

INTBODUCTION

We describe in this paper results of a study of the
generation and propagaticn of a large amplitude space
charge wave along a magnetically confined weakly relativ-
istic electron beam. The experimental results obtained
illustrate the dependence of the phase velocity of the
wave on the ratio of the current to the space charge
limiting currentz. As expected, the phase velocity of the
wave is a rapidly varying function of the ratio of the
beam to limiting current. In addition we observe that the
beam exhibits an instability at higher currents and that
this limits the coherence of the wave train in the para-
meter range where we expect low phase velocities.

The experimentally observed growth rate of the in-
stability forming the slow space charge wave is extremely
high, with growth rates of several dB per wavelength. We
report, in this paper, on a method of controlling the
growth rate through the use of resistive damping in the
growth section.

Finally we summarize some observations on the in-
jector development, stressing the physical mechanisms de-
termining the acceleration. A conceptual realization of a
configuration to inject the ions into the wave growth and
propagation region is also presented.

We now describe these aspects of the program in more

detail.
EXPERIMENTAL EQUIPMENT AND RESULTS.

The experimental configuration used in these experi-

ments is shown schematically in Figure 1. The electron
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beam is injected, using a foilless diode, into a series
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Figure 1. Experimental configuration used in slow wave

experiments.

of weakly coupled cavities operated in the TM 010 mode.
The negative energy slow space charge wave couples to the
axial electric field of the cavity modes, and instability
growth occurs. The instability growth rate is dependent
on the beam current and on the detailed cavity design.

Two configurations have been used; one a disk loaded wave-
guide, and the second a disk loaded wavegquide with the
disks terminated in annular rings. The second configur-
ation is shown in Figure 1. Measurements of the growth of
the signal, as measured by magnetic pick up loops located
in the cavities, showed that the signal strength increased
exponentially throughout the length of the growth section.
Growth rates ranging from two to more than 5 dB per cavity
were recorded, with the highest growth rates occurring in

the configuration shown and with the highest beam currents.
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In the configuration described above, the cavities were
loaded with lucite to increase their effective eléectrical
length.

We have established that it is possible to control
the instability growth in the slow wave structure by
coating the front surface of the lucite dielectric, in the
radial stubs,with a dissipative material. This loading is
situated close to the region where the electric field
strength i5 a maximum, and hence the damping most effec-
tive. The results of this are shown in Figure 2 in which
a plot is presented of the signal strength in the six
cavity system as a function of the cavity numbers. As may
be seen from the figure the growth rate is reduced from
slightly greater than five dB per cavity, in the absence

of dissipative material, to about one dB per cavity with a

- 500 Ohm per square coating.

Signal

50 I - undamped

2 Level (dB) /P=3MQ/D
o /g o P=|2,500\Q:/D
20 /o/(J p=4400£/0

-
I0b=———"_ ¢ o p=5000/0

- 0-0-0

3 4 6
Cavity Number

Figure 2. Signal growth as a function of the surface re-

sistivity of the lucite insert in the radial

cavities.
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Accomparying the reduction in the growth of the signal, as

AR o a . | LAl

the surface damping is increased, we find that the onset
of the instability is delayed. In the absence of dissi-
pation the signal growth usually occurs for beam currents é
in excess of 500 Amperes. This onset current increases
monotonically as the surface resistivity is decreased.

The instability growth is only significant with the 500

Ohm per square damping for beam currents in excess of 1.2

kA. We therefore conclude that it is possible to control
the wave growth independently of the beam current. This
is important if one is to be able to avoid saturation of
the instability, due for instance to self trapping of the
electrons in the wave, at high beam currents where the low

phase velocities are expected.

We conclude this discussion of wave growth by obser-

ving that we have monitored a second instability growth in

“the structure at a frequency of about 3 GHz (as opposed to

the usual 1.1 GHz found for the wave growth previously de-
scribed). This corresponds to the unstable interaction of
the sbace charge wave with a higher order axisymmetric mode
of the slow wave system. The electric field in the wave is
estimated, for the high frequency case, to be about 25% of
that found for the 1.1 GHz wave. It is also found that the
higher frequency instability growth only becomes signifi-
cant late in the current pulse, when the beam current is
high. The effects of damping on this mode have not yet
been determined. If necessary, we plan to carry out ex-
periments to eliminate the higher frequency growth,

either by the use of the dissipative technique described

earlier or through the use of inductive coupling between

adjacent cavities. The temporal difference in the two
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signals may indicate that this suppression is not re-

quired for an ion accelerator system.
Following the wave growth section, the beam has been
extracted into a homogeneous waveguide of 2.9 cm diameter.

Experiments have also been carried out in which the beam

is propagated through a diverging tube. Measurements

have been made of the phase velocity of the wave in this
section using the technique described elsewhere3. Basi-
cally we use an interferographic method in which the phase
change in a given length of the tube is determined by com-
parison with the phase shift found for the same wave pro-
pagating in a vacuum section of coaxial line. The results
of this set of observations are given in Figure 3. in which

we plot the wave phase velocity as a function of the ratio '
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Figure 3. Variation of the phase velocity of the space

charge wase with the beam to limiting current

ratio,
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of the beam current to the space charge limiting current.
In obtaining this graph the following procedure was fol-
lowed. Reference signals were obtained from two adjacent

magnetic probes and the signals made approximately equal

through the use of yariable attenuators in the two lines.
The interference pattern, and hence the phase velocity
data, were then obtained on a shot to shot basis, taking
only those shots in which the reference arm signals were
equal within about 10% of each other, This method of
selecting data had little effect at the lower beam curr-
ents, but restricted the data at the higher beam currents
to about one shot in three or four. The point corre-
sponding to the lowest phase velocity shown in Figure 3
was obtained at the mid point of a one meter long diver-
ging pipe. The pipe diameter was increased from a diameter
of 2.9 cm at the injection end to approximately 7.5 cm at
the far end. The phase velocity was monitored as 0.55 c
at the 2.9 cm. end and had decreasedh to about 0.35 ¢ at
the mid plane. Beyond the mid plane the beam behavior was
erratic and no results are quoted, Our present observa-
tions indicate that the wave train behaviour is irrepro-
ducible when the beam current exceeds about 1200 Amperes
in the 2.9 cm. pipe. The origin of this is not yet de-
termined; its effects are however quite evident in the
Rogowski traces reproduced in Figure 4. These beam cur-
rent measurements were taken at the 7.5 cm location in the
diverging tube experiment. The periods of uniform r.f.
emmission are marked on the figure. The r.f. emission is
uniform throughout the duration of the lower current pulse,

while the emission becomes incoherent during those in-

tervals where the current is large. Large fluctuations are
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Figure 4, Rogowski traces of the beam current illustrating
conditions for stable and unstable r.f. genera-
tion. The beam and emission are stable over the
complete pulse duration in 4a,and for the first
20 nsec of 4b. The Rogowski trace irregulari-
ties in Figure 4b are typical of those found
when the beam is unstable and the emission non-

uniform.

also observed in the beam current during this time inter-
val. The erratic r.f. and the beam current fluctuations
are accompanied by a loss of confinement of the electron
beam by the eight ki\ogaués axial magnetic field. Based on
damage pattern observations, the beam appears to have ex-
panded to about three times its original diameter. At pre-
sent we can only speculate about the origin of the insta-
bility. Two mechanisms seem possible sources of the in-
stability. Firstly, at high beam currents, we expect the
beam to hs1low out and the shear to increase; secondly, at
the higher wave fields associated with the high beam cur-
rents, electron trapping may becohe important. In either

case it is possible to stabilize the instability, and work
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is proceding on this problem.

The electric field of the wave has been calculated
using the measured magnetic field of the wave at the wall
probe used in the interferometer. From this field, and
the measured phase velocity of the wave, it is possible to
determine the electric field of the wave from a knowledge
of the field distribution in the pipe. This was described
in detail in reference 3. The measurement yielded values
of the wave electric field of up to 50kV/cm at the lower
phase velocities. This field strength is comparable with
that obtainable in many conventional particle accelerators,
but still significantly below that obtained in some other
forms of collective accelerator. A new wave growth and
propagation section which will operate at a fundamental
frequency of about three gigaHertz with an annular beam is
presently under construction. This system should allow for
large electric fields in the wave, without wave trapping
limitations.

In addition to the wave growth experiments we have
carried out an independent study of collective acceleration
of protons in a Luce diode geometry.5 The object of this
part of our investigation is to provide a proton source for
injection into the wave accelerator. Since the wave phase
velocity is a sharplyvarying function of the current to
limiting current, it is desireable to have the proton in-
jection energy as a large as possible. For the demonstra-
tion experiment we have elected to attempt to produce a-
bout 18 MeV protons from the injec:or. At present the most
effective source of high energy protons is the Luce diode
configuration. This is itself a collective accelerator and

only yields a short pulse of high cnergy ions; hence it is

= 50y
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not suitable for a final injection source into a useful
accelerator. It does however serve a useful purpose for

the acceleration demonstration device. The Luce diode

configuration used is shown in Figure 5. It has a poly-

.

ethylene anode connected to the ground plane of the acc-
elerator. A plasma is formed at the surface of the poly-
ethylene due to bombardment by the beam electrons and
surface breakdown to the ground plane. In our current ex-
periments the generator has been operated at a diode vol-
tage of 750 keV and beam current of 35 kA. Proton pulses
accelerated from the anode plasma having more than lOl3
protons with energies in excess of the electron injection

energy have been recorded. The energy distribution func-

e e e T T TN ERRAAT T IEEE T

tion for the ions is found from stacked copper foil acti-
vations and is a monotonically decreasing function of the
proton energy. The distribution function may typically be
fitted to an exponential, in the proton energy, of the

form N = N, exp(~-E/1.5), for E > 4 MeV and where E is the

(4]
proton energy in MeV.
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Figure 5. Luce diode configuration used for proton
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generation.
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" Peak energies of about 8.5 MeV have been observed corre-

sponding to ion energies in excess of ten times the elec-
tron beam energy. Much of the current experimental inves-
tigation of the injector system has been directed to ob-
taining an understanding of the physics of the accelera~ .
tion. Our observations , based mainly on activation
analysis and fast absorber covered Faraday cup response,
for both ions and electrons, show that the potential well
formed at the head of the beam has average depth approx-
iamtely equal to the beam injection energy. The average
well depth is the important parameter for the ion accele-
ration as it is the electric field corresponding to the
average well depth (averaged on a time scale corresponding
to a few plasma periods) that is felt by the ions during
the acceleration. We found no evidence with the Faraday
cups for the presence of electrons with energies signifi-
cantly in excess of the injection energy for the electrons.
Additional support for the moving well model of the
acceleration was provided by the activation of stacked
mylar foils. In some cases the activation yield was anom-
alously high compared to the results typically obtained
from the stacked Faraday cups and to the copper activa-
tions. The results obtained can be accounted for By
assuming that there are also deuterons being accelerated
to about twice the energy of the protons. The number of
deuterons required was taken to correspond to the natural
abundance of the deuterium in the polyethylene. A deuteron
flux with the abundance just quoted, but with the same
energy as the protons could not account for the observad
yield. Deuterons with twice the energy of the proton team
are consistent with a moving potential well picture rather

than with a deep static well model.
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Current experimentation is aimed at resolving this

issue and at enhancing the injection velocity of the ions

é to about 0.2 c from the presently observed value of 0.13 c.

: A WAVE ACCELERATOR CONFIGURATION.

The work performed to date has concentrated on the
development of a slow wave system and on generating a
: suitable ifon source for injection into the wave. It is
relevant now to question methods of combing these two con-
t . figurations so as to produce a test accelerator. Since the
i " electron beam used in the ion injector will be badly de-

: graded in the Luce diode system, it is clearly desireable

; to dump these electrons and extract only the protons. Sub-
| sequent to this we require a wave growth section with a
second electron beam. Our present observations indicate
that this beam should operate at about 300 keV and at
rather low { }1-2 kA) beam currents. A conceptual design
for such a combined accelerator is shown in Figure 6, In
this figure we show that the output of a pulse line feeding
a copper sulfate termination. The termination has an im-
pedance somewhat greater than the characteristic impedance
of the line. The central cathode feeds a lLuce diode,

which has its anode plane introduced through a second cat-
hode coupled to the device through the load. A similar

] technique7has previously been used to introduce a grounded
E ptane through a high voltage conductor. The majority of
the electrons in the primary beam are deposited in the

walls of the diode. The flux of ions removed, for injec-

TR

tion into the second beam region is controlled by the size

and location of the aperture in the grounded cavity cof the

Luce diode accelerator. A transverse magnetic field may

be used, if required, to remove surplus clectrons. The
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Figure 6. A conceptual design for extracting two elec~

tron beams from a single generator.

second high impedance beam used in the wave growth region
is generated from the cathode, coupled to the generator
through the copper sulfate load. The RC time of this de-
vice is about 4 nsec in a practical configuration. The
second beam impedance is large compared to the copper
sulfate ioad and hence does not load the device. This
technique when applied in a practical configuration
should allow us to produce the preaccelerated protons for
injection into the wave generated ffom a second cathode.
The coupling suggested between the preinjector and the
wave growth section is also relevant to a practical de-
vice in which several stages of acceleration may be re-
quired.

This work was supported-by the N.S.F.,A.F.C.S5.R.,
and B.M.D.A.T.C.
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ABSTRACT

Nonlinear space-charge waves in a strongly magnetized cylin-
drical plasima are investigated. Soliton and periedic wave solutions
are obtained. For the case of an intense unneutralized electron
beam, a significant decrease in the phase velocity of the slow space-
charge wave is found at large amplitudes. The importance of this

result for some collective ion acceleration schemes is discussed.
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I. INTRODUCTION

In this paper we present a study of nonlinear space-charge waves on a
strongly magnetized plasma column (Fig. 1). We study both a charge neutralized
situation, in which region I of Fig. 1 is a stationary plasma, and a situation
in which region I is an unneutralized electron beam propagating in a vacuum.
Our results for the unneutralized case will be shown to have important impli-
cations for some collective fon acceleration schemesl’z. Since only axi-~-
symmetric fleld configurations are studied, the problem to be treaced is a two-
dimensional one. Two-dimensional nonlinear problems are notorious for their
analytical intractability, and, indeed, only weakly nonlinear theories for the

»

problem considered here are presently available. Furthermore, existing
analytical results apply only to waves in a neucral vlasma. In order to obtain
strongly nonlinear solutions relevant to intense, unneutralized electron beams,
we shall employ a numerical technique (see Appendix for details). Scctiown Ii
formulates the problem. An outline of the weakly nonlinear theory of space-

charge solitoans for the geometry of Fig. 1 is presented in Sec. TII. Section

IV presents results and discussion. Conclusions are given in Sec. V.
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II. FORMULATION

We take the magnetic field in the plasma column to be 20 = Boz, with
B, ~=. For an infinite, stationary, homogeneous plasma immersed in this

field, the linear disperslon relation for space-charge waves with spice-

time dependence exp(-iwt + ik z + ik * x ) is
z L n L

1= /0l 0% =0, (1)

2
where k= = kz + ki, and Wy is the electron plasma frequency. It is assumed
that the electron temperature is negligible and that the ions are immobile.
For the geometry of Fig. 1, Eq. (1) still applies, but permissible, discrete,

values of kl are determined by the solution of a radial eigenvalue problem.

2
In the case kz << ki, Eq. (1) gives

v 1 2 .
wlk, = (w /k )1 - 5k /k)D) (2)

i.e., the plasmg—wave modes are weakly dispersive. Im such a case one expects
that the nonlinearity of the fluid equations will lead to the possible ecxistence
of solitons.

An unneutralized beam will in general bave nonuniform equilibrium veolocity
and density profiles, so that the above equations only indicate the qualitative
behavior of the beam space-charge modes.

llow we shall derive the exact nonlinear equation for space-charge waves
in the plagsmas we are studying. The continuity and momentum equatious, taogether

with Maxwell's cquations, describe the ccld electron fluid:




-

_a_ i\ = —-paF
(at + v oovymv= -eE (3b)
oF
chE = - 4nne¥ +-§E . (3¢)
! B
| F o= e
1 cVxE YRR (3d)

where n is the total electraon density, v = v; is the z~velocity of the electrons,
v = (1 - vzlcz)—llz, k + Bo; is the magnetic field, and E is the total electric
field. We wish to consider solutions which depend only on r (the radia®

variable in cylindrical coordinates) and z - Ut, where U is the velocity

of the wave-form measured in the laboratory frame. If we go to the frame

traveling with the wave, then in the new coordinate system (r,z'.t'), we lLave

3/%t' = 0, so Eq. (3a) and Eq. (3b) become

S%T(n'v') =0, (4a)
vt (my vy et (4b)
3Z' Y Vv = —euz,

1 where primes on n.v.EZ,y mean that these are measured in the new frame.

Equations (3¢) and (3d) can be replaced by Poisson's equation,

V'2¢ = 4wn'e , (4c)
and,
)
B) = -2 . (4d)

The primes will be dropped from here ou.
For the case of a solitary wave, the following boundary conditions are

usud:




. 5
| n(r,z) > Ny(r) as z > + = (5a)
o(r,z) » ¢y(r) as z >t o, (5b)
P .
: ¢(b,z) =0 . - (5¢)

NU is related to the density measured in the laboratory frame, No, by

NoYu
NU = T ’ (6)
v2 -1/2
where Yo T (l—u (r)/c ) 1/ r=(1 - ~2%§lﬂ , and u(r), vo(r) are the velocity
[

crefiles In the wave and lahoratory frames, respectively, as z + + . For the
charge-neutrralized case, in which the plasma column is stationary in the laboratory

frame, u(r) = -U. Also for this case, we shall choose N, to be constant, No(r)
[}

= NU for 0 < ¥ < a, and ¢U’ the equ111brium potential, 1is obviously zero.

For the case of a solitary wave on an unneutralized beam we shall assume

that all the electrons are injected into the drift tube with the same energy

el

—

Y mcz, measured in the laboratory frame. Then u(r) is obtained from the con-
o

TR

servation of energy and the relativistic addition of velocities:

Vi(r) ~1/2 ey (r) F
EY (l - 2 ) - _—_2'-" = YO » (73)
1 c mc
vo(r) -U
u(r) = ————— . (7v)
1 -v () U
o CZ .

3

(r), the ezuilibrium potential in the laboratory frame, is obtalnad from the
'3
Lueam density profile. If we choose a constant profile No(r) = No’ 0<r<a, in L

the laboratery frame, then ¢o(r) {s zivon by

SN W SN sl e




2 2 2 a
¢o(r) = ﬂNoe[r - a + 2a log T)‘] N (8)

for 0 < r < a.

Proceeding with the derivation, we integrate Eqs. (4a) and (4b) to get
nv = NUu , (9a)
2 2
yme - ey = Y,mC - epy . (9b)

Solving Eq. (9b) for v and substituting into Eq. (9a) we get

_, -lr2
p-(r =50 ]

n = N,
< me

Poisson’'s equation then gives the following nonlinear equation for the

perturbed potential 3 =0 - by

2"1 (-'\nl -2 _1/2
174 = IH'eNU[(I - (Yu + 2) )
mac

u
Pl 1] ) ()

For pariodic waves, one cannot In general refer to an unperturbed region of
the beam, as in Eqs. (5a) and (5b), to specify the boundary conditions,

because of the presence of an excitation region with unknown time-varying

€ields. This will be discusszed further in Sec. IV C.
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ITI. WEAKLY NONLINFAR ANALYSIS

For future reference, we present here the weakly ncnlinear analysis of
space charge waves on a neutralized plasma column4(¢o z 0). We shall consider
only the nonrelativistic version of Eq. (11), and apply it to the staticaary
plasma column (Fig. 1) with a = b. Thus,

n =1/2
v2$ = éneNo[(l + ZE%T)

my

- 1] = R[&] . (12)

1f we consider only axi-symmetric solutions, the radial dependence

of $ can be expanded in the complete set of functions Jo(kl r), where k1 a =

p p P

are the zeroes of Jo:
o0

% = I ¢ (z) J (k. r), (13)
p=1 P °

where the fp(z) are determined by the coupled, nonlinear differential equations,

a ) L
;2 ) J rdr J_(k, )RI L £, (k)]
g Y P i=1 i ,
(—5 -k, ), = - (14)
dz P [ rdr J2(k r)
0 (o] LD

n,
R{4] represents the right-hand side of Eq. (12). TIf the wave amplitude Is
not large and dispersion is small, the wave valocity is close to the linear,

dispersionless value we/kL fcf. Hg. (2)]. Thus the strongly coupled modes
P

are those with the same value of k) . Different radial modes have appreciably
p
different linear velocities, especially the lowest arder ones. Thus, for small

amplitude solutions with few radial zeros, one of the Ep will dominate, and the

solutions will be either pericdic or soliton-like, as in the one-dimensional

case.

4V

Expanding R[%] to second order in e'::/mU2 gives

SO

K g S
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R(4] 2 o 8,3 5:”-2-]
$1 = v (-5 +35 =71, (15)
U mU

where wy is the electron plasma frequency. Using the weak radial-mode

"
coupling to write ¢ = fl Jo(kllr) for the p=l1 solution, Eq. (14) gives

; dzf wz ew2
i 1 2 e 3 Ve 2
: = (k. - —=)f, +5 —F of; , (16)
dzz 11 UZ 1 2 mUQ 1l
a4 a, -1 "
where o = [ Jo(kllr)rdr[‘IJOS;llr)rdr] = 0.72. We normalize Eq. (16) as
/0 0 we . w
follows: z =k ,2; £, = B_e ¢ ;s U=M -Ji; where M is the "Mach number".
L1 1 e K 1 11

) Equation (16) then yields, 1

3 2
| a‘t .
dz M M :

This has a soliton-like solution,

-

- - 1/2
£, = -28Ma 1sechz[z(éM/Z) / 1, (18) J

where we have set M = 1 + &M and assumed 6M << 1. Thus, for small amplitudes,

- AR

the nonlinear velocity increase 1s proportional to the amplitude. Periodic

traveling wave solutions of Eq. (17) can also be obtained in terms of elliptic

functions, but will not be given here.

;
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IV. RESULTS AND DISCUSSION

A. Plasma Cylinder - Solitary Waves

Equation (l2) was solved for neutrallzed electrons with a=b (cf. Fig. 1).
Figure 2 is a plot of Mach number (M) versus the amplitude of the potenti:l
at r=z=0. Interestingly, this plot turns out to be almost exactly linear
except near the breaking amplitude. The weakly nonlinear analysis predicts
this linearity only for very small amplitudes, kile/(m“2)$ ~ 0.1 [in general
it predicts that the amplitucde is proportional to MZ(MZ - 1)]. The numerical
results are seen to agree with theory in this regime.

A breaking amplitude $, can be defined by ed, = %(we/kll)zﬂz, the kinetic
energy of an electron in the soliton frame. The largest amplitude solution
obtained was 0.95 ¢y at M = 1.23. Figures 3 and 4 compare the analytical,
weakly nonlinear solution to the numerical cne at this amplitude. At the
wave-breaking amplitude, electrons traveling aloug r=0 (center of the cylinder)
come to a stop at z = 0, 1.e. at the center of the soliton, and the deasity
goes to infinity at this point. The analytical result does not show this
singuiarity due to the approximation made in Eq. (15). TFigure 4 shows that the
density profile is very spiked at M = 1.23, and the numerical method begius
to fail. Up to an amplitude of at least 0.9 ¢b’ however, the amplitude changes
by less than 1% on doubling the number of grid-points.

Figure 5 compares the radial dependence of the potential at M = 1.23,
n?rmalized to unity, to the Bessel function Jo. The close agreement betwcuen
the two curves shows that radial mode-coupling is a small effect even near the

breaking amplitude.

B. Unneutralized Electron Beam ~ Solitary Waves

We shall now discuss solitary wave solutions to Eq. (11) for a unneutralized

beam. The total current of such a beam is commonly specified as a fraction of




the maximum or limiting current IL. This maxtmum is due to the sellf=0feld

of the beam [cf. Eq. (8)]. Assuming, as before, that the electrons all have

"
the some total energy yomc', Eq. (7a) gives the electron velecity profile

vo(r). With ¢°(r) given by Eq. (8), we find

a
I(No) = IONoevo(r)Zwrdr
(19)
_ 2 -11 2 -1 1
= I0 {‘/yl 1l - cos 5 --lly2 -~ 1+ cos y } ,
1 2
nNoeza2 gZ
where 1= Y, t——— 0 -=),
mc a
_ uNoezgz
y2 YO - 2 ’
me
2 <.
g = a2(l - 2 log %- .
and

Io = mc3/e .

Equation (19) is plotted against e|¢0(0)|/mc2 for Y, = 1.49 (250 keV electrons),

and a/b = 0.44% in Fig. 6. The limiting current IL occurs in this case at

els, (0))/mc? = 417, f.e., 4 (0) = -213 kv.

For collective ion acceleration, one is interested in the slow space-

]

charge wave on the beam. A general proof due to Godfrey5 shows that the
lirear phase velocity of long-wavelength waves (the slowest ones at a given
frequency) goes to zero only at the limiting current. Furthermore, the de-
pendence of the phase velocity on the current is (I - IL)l/Z. This makes

it difficult to reduce the phase velocity enough to load ions easily.6 The

results presented below show that nonlinearity can cause a significant re-~

duction in the phase velocity of slow space-charge solitons.




T

Equation (11) was solved for & = .44 with currents in the range .31 to

b L.

.97 IL’ and electrons injected at 250 keV. The results are shown In Figs.
7 and 8. Two things are striking. First, it 1s possible to have solitorns
with U £ 0 (i.e., traveling backwards in the laboratory frame) without ex-

ceeding IL' Second, there is a sizeable change 1in velocity as the amplitude

increases: at 1 = .9IL, a value which is readily attained in experiments,

the velocity decreases to almost half the small amplitude value before the
wave breaks. At .SIL, the change is much less. In Fig. 8, the amplitude at
which wave-breaking occurs 1s wmarked by an x. Figure 9 shows how the hilf- i
width of the potential solution narrows as the amplitude grows. This curve

is not very sensitive to the current.

C. Unneutralized Electron Beam - Periodic Waves J

We now consider periodic travelins wave solutions to ig. (). tn the

case of solitons, the quantity u(r) ian Eq. (1) 1s specified by the unperturbed
equilibrium. In the case of an infinite periodic wave train however, therc

is a fundamental difficulty in specifying this quantity. In particular, u(r)
will depend on the exact process of excitation of the wave. For cxample,

in collective ion acceleration schemes, the wave is initiated by passing the

beam through a region adjacent to a periodic array of resonant structures.

The interaction of the negative energy slow space-charge wave on the beam

with these structures then leads to wave-growth. The total particle encrgy

flux decreases by the amount required to set up the energy flux of the wave,
. 2

so the electron energy is no longer ¥ e along cach fileld-line. On the

other hand, in the case where the wave is stutionary in the luboratery frame,

enerey congservation holds through the growth reglon. Statlonary waves are

particularly interesting because they could be excited without any growth
gection, 1in the process of beam injection at the diode and cause a nonuniform
enuilibrium in the drift rtube. Figure 10 shows two stationary wave solutions

at T = .97 IL. As the wavelength decreases, the peaks become more and more




12

isolated from each other, and one approaches the soliton limit.
To treat nonlinear periodic waves with a nonzero velocity, we shall con-
tinue to use the u(r) obtained from Eqs. (7a) and (7b). This is not self-

consistent, but we expect the results to yield a good qualitative indicaction

of what happens for the following reasons. As the wave amplitude decreases,

the error made in assuming energy conservation along field-lines through the

growth region gets smaller. Also, if the wave phase velocity U becomes zero

at a large amplitude, then the assumed u(r) is again correct at this amplitude.

Thus, the result is justified for both small amplitude and for one particular

large amplitude. Figure 11 shows results at I = 0.95 IL and 0.97 IL, with

o>

Y, = 1.49, % = 0.42}, and = = 0.3 and 0.55 (A is the wavelergth in the

z-direction). The behavior is very similar to that of solitons at these currents.

Currents near 0.95 IL should be attalnable experimentally, so that these results

are encouraging for collective ion acceleration schemes.

- - -
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V. CONCLUSIONS

We have obtalned numerical solutions for slow space-charge solitons and
periodic waves on neutralized and unneutralized, strongly magnetized electron
beams. We have also compared numerical results for solitons in a neutral
plasma with the predictions of weakly nonlinear theory. With reference to
the possibility of collective lon acceleration by space wavesl’z, our electron
beam results show that it may be possible to have space-charge waves with

phase velocities glow enough to allow ion loadine with significantly reduced

ion preacceleration requirements.
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VII. APPENDIX

Numerical Technique.

Equation (11) is not straightforward to solve numerically. Tterative
7 2'\: n o,
methods’ based on the receipe V ¢n+l = R(¢n) yield only ¢ = 0 as a solution
even for "good" trial functions. Writing Eq. (11) in the form for Newton

1taration8 gives,

2 VY LY LY
g TR = RGY - RIG)S

9
REA (20)

n
where the prine denotes the Jderivative of the fuuction. The operator on the
left-hand side of Eq. (20) is nueither positive nor negative definite, so that
standard iterative methcdq7 arc not guaranteed to work (and did not work)

on this linear equation. We have found that Gaussian eliminutiong can be

used to provide solutions to Yq. (20) provided special programming is done

to take advantage of the small bandwidth of tha matrix. No pilvoting was
necessary, and up to 2060 grid-points were used. Equation (20) was soive! sue-
cessively until the error in the soluticn of the original nonlinecar equation
was acceptably small. The error measure used was

2

-4

(-t |
2oty 1 Tatey TR

[ 142
i | 17igpagl + RGy))

2 _ -
where vij denotes the five-ooint discretization of the Tanlacian. ¢ < 10 7

was required for an acceptabl2 solution. On average, about seven iterations

were required to satisfy this criterina.

15
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IX. FIGURE CAPTIONS

Region I: plasma or beam, and region II: vacuum.

(a) numerical, and (b) analytic results for the Mach number M versus

s
H(5,0)].

11

n,
normalized amplitude of the potential at r =0, z = 0 [¢m1x

The x marks the breaking amplitude.

Profiles at (a) r = 0, and (b) z = 0 of the (1) analvtic, and (2)
numerical solution for the perturbed pocential at M = 1.23. kl[ = KL/H.

where X = 2.4 1s the first zero of the Bessel function Jo.

1

Profiles at (a) r = 0, and (b) z = 0 of the (1) analytic, and (2)

numerical solution for the density at M = 1.23.

(a) Jo(r)- (b) Radial dependence of nrumerical solution for pertutrhed

potentfal at z = 0, normalized to unity, for M = 1.23.

Current versus the radial well-depth |¢o(r = 0)|. The limiting current

i1s indicated. Io = mc3/e.

Soliton velocity versus perturbed potential amplitude at r = 0, z =0
(center of soliton). The amplitude is normalized to the radial well-

depth, ¢0(0). The x's mark the breaking amplitudes.

Longitudinal and radial profiles of perturbed potential and perturbed

density, normalized to unity, for Smax/¢o = 0.16 {[curves (a) and (b)]

"
and ¢max/¢o = 0.35 [curves (e¢) and (d)]. I/[L = 0.95 for both cases.

Axial half-wideh of the perturbed soliton potential, A4, normalized to

" A n
the tube radfius b, versus]¢max], A is defined by 26(0,4) = $(0,0).

A

i cnidedie i, ...::}x_:m‘“ B
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The curve is very nearly the same for the three currents counsidered,

1/1, = 0.9, 0.95, 0.97.

Fig. 10. Perturbed potential at r = 0, normalized to unity, for periodic waves

with U = 0. X is the wavelength in the z-direction and I/IL = 0.97.

Fig. 11. Phase velocity versus amplitude for periodic waves with A/b = .3

(solid curves) and A/b = .55 (dashed curves).
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Magnetic Shear Stabilization of the
Diocotron Modes of a Relativistic Electron Beam
E. Ott and J.-M. Wersinger
Laboratory of Plasma Studies
Cornell University

Ithaca, New York 14853

Abstract

The stability of the diocotron modes of an annular, relativistic,
unneutralized, electron beam is examined when the guide magnetic field

is sheared. Stabilization results from the reduction in the electron

velocity shear. The '"low density limit' is found to be a surprisingly. .

good approximation in the case of a slab, nonrelativistic model. The
case of an annular relativistic beam propagating in a cylinder is
analyzed in this limit. Magnetic shear stabilization is found to be

a promising means of obtaining stable beam propagation.
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I. Introduction

A basic instability of an unneutralized plasma in propagation
along a guide magnetic field B, is the diocotron instnbility.1_4
The mechanism driving this instability is the shear in the equilibrium
E x B velocity resulting from the spatial dependence of the self-
electric field, E, created by the equilibrium charge density.
Recently, this instability has been observed3 on annular relativistic
electron beams, leading to beam break-up. For applications (such as
collective ion accelerations) in which it is desired to propagate
such a beam over relatively long distances, the diocotron instability
may be harmful. It is the purpose of the present paper to propose
a method for stabilizing this mode. In particular, it is shown that
the introduction of shear in the magnetic field lines can stabilize
the diocotron instability. For the case of an annular electron beam
in an axial guide magnetic field, this can be accomplished by passing
a thin current carrying wire down the axis. The combined axial
nmagnetic field and the small azimuthal magnetic field due to the wire
current are sheared. Experiments motivated by the analysis to be
presented are in progress.6

Sections II - IV examine the case of slab geometry with (VO/c)2
neglected compared to unity (VO is the beam injection velocity and
c is the speed of light). Section V includes cylindrical and finite
(Vo/c)2 effects. Section II presents the basic equations in slab

geometry and shows that magnetic shear in conjunction with the finite

beam injection velocity leads to a velocity shear component which

AU ot 4 e WA LN
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can oppose the destabilizing E x B velocity shear. Section III
analyzes the effect of magnetic shear in the "low density limit',
obtaining complete results for the case of a constant density beam
and a general stabilization condition for arbitrary density profiles.

The latter result is based on a quadratic form obtained from the

second order ordinary differential eigenvalue equation. In Sec.
1V, we examine the conditions for mérginal stability of a constant
density beam without making the low density approximation. Comparing

these arbitrary density results with results obtained from the low

density approximation, we find that the low density approximation
is good, even when the density is not very low. This provides
added confidence in the results of Sec. V which utilizes this
approximation to study the effects of cylindrical geometry and

finite (Vo/c)z. Section VI summarizes results and presents conclusions.
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I1. Basic Equation in Slab Geometry

As a model, we consider a planar cold, wmneutralized electron

beam inmersed in a sheared magnetic field with shear length Ls
= XL
B=Bylxp i, * 2 L)

The beam is of infinite extent in the x and z directions but is

finite in the y direction with thickness 2A. These features are
illustrated in Fig. 1. The confining magnetic field is strong, i.e.,
2 2 2 o2 .
mp << W, where wp(y) = e nO(Y)/(EOmb) is the plasma frequency and
W, = eBO/me > 0, is the electron-cyclotron frequency.
The equilibrium electric potential 90> associated with the

unneutralized beam is a function of y only and obeys Poisson's

equation

d2¢0 _ 0
dy2 €

@)

The y dependent equilibrium electric field Ey = -d ¢0/dy produces an
E x B velocity shear, which in turn drives the diocotron instability.
In the presence of magnetic shear, as defined in Eq. (1), the

equilibrium electron drift velocities are

1 49
By &y

n

Y.
+V0

V ’
0x LS

voy =0,




d¢
~ 1 0y
Yoo T8 40

S 0*

where the beam injection velocity along the magnetic field lines
Vg S (Yo'§)/|§l’ is taken to be constant, and we have assumed

A << Ls' We find that, if the shear in Vox created by the magnetic
shear opposes the shear in Vox created by the Ex B drift, then J
stability is enhanced. }

To obtain the governing wave equation, the cold fluid equations

are linearized for density and velocity perturbations around the
equilibrium. All velocities are assumed sufficiently nonrelativistic

so that the electric field perturbations derive from a potential ¢.

(Relativistic effects are considered in Sec. V.) In order to
describe the most unstable case, no z dependence is allowed for the
perturbed quantities.4 A Laplace transform in time and a Fourier
transform in x are applied to the linearized equations (i.e., we
substitute 3/3t = s, 3/9x = ik, 3/9z = 0), and we define
sk(y) = s +ik VOX(Y]. The components of the linearized momentum
equation,
~ = & -

WYy e VXD, @

are taken along and across the magnetic field lines in the low frequency

limit (polarization drifts neglected). It is also assumed that at

TR

most V'O/Ls ~ 0 (“E/“c)’ and terms proportional to mg/mz are neglected

when compared to terms of order unity. Furthermore, the weak shear




[ R
5 '
.
1
(<))
)

assumption is made, i.e., A << Ls,so that we neglect (y/LS)2 compared j

: to unity. We then obtain :
. vy = ik¢/B0,
. :-.—g— ]_<Z.2 ¢
Vv m_ (LS) EET?T ’ (%)

which are used in the linearized continuity equation

d“o
st vy -7 + no(v-y) =0, (6)

Poisson's equation closes the set and yields the following wave

‘ equation
2 2 2
2 L dn
Lo 2, B0 % 1 P -
dy2 2 w skiyi n, dy :
sk) c 0

- e eme e
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III. Low Density Limit

In this section we analyze the low density case, i.e., we assume
that over the entire extent of the beam, m;(y) (y/Ls)zs;;Z()’) can be
neglected in (7). (This assumption will be checked in Sec. IV.)
Much of the work on the diocotron instability was done for a sharp
boundary, constant density beam. We analyze the stabilization of
the diocotron instability by magnetic shear in this case first. We
shall then present a more general result valid for .smoothly varying
density profiles.

A. Sharp Boundary Case

The equilibrium density is

N for -A< y <A,
no()’) =
0 for |y| > a.

In the low density case, the wave equation, Eq. (7), now becomes

2
2 w” .
1% RIS (54 0y - 50y - D], ®)

¢
dy e kY

and magnetic shear appears only in sk(y) through the expression of

Vox(}’). From (2) and (3) with n(y) constant,

2
w
=P - <
Vox =~ oo (@ - Dy, [yl =4,

[g]

aE——-—%. (9)




Note that the velocity shear can be reversed by magnetic shear

provided @ > 1. We now show that this effect stabilizes the diocotron
instability (within the framework of the low density approximation).
Equation (8) is solved subject to the boundary conditions: ¢(+=) = 0,
continuity of ¢ at y = +A and jump conditions on d¢/dy at y = +A.

The jump conditions are obtained by integration of Eq. (8) across the

beam-vacuum interface

2
w
o' (aage) - 9" (sare) = -1 2 PR | (10)
where ¢'(y) is the derivative d¢/dy and ¢ is an arbitrarily small

positive number. The resulting dispersion relation is

2

w

s =1 g (-4 - [+ 2 - DIV, ()

where k is positive. The diocotron mode is unstable (purely growing)
for values of kA such that the square root in Eq. (11) is positive.
The unstable domain in kA shrinks and occurs for larger values of kA
as a increases from zero to one. When a > 1 the mode is stabilized.
This is illustrated in Fig. 2.

For practical purposes, it might not be necessary to completely
stabilize the diocotron instability, i.e., obtain values of a > 1.
Indeed, due to the finite length of devices, one can accomodate small
growth rates without causing the beam to break up. On the other hand,

there are several other stabilizing factors that were not considered
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in this section. Amongst them are the presence of conducting walls at

finite distances and finite Larmor radius effects which may stabilize
short wavelengths which are the only unstable modes when o becomes of
order unity. Also, relativistic effects turn out to be stabilizing
(see Sec. VI).

A plot of the maximum growth rate as a function of o is presented
in Fig. 3. The growth rate s is normalized: Q = stc/w:. From Fig. 3
it is seen that maximm growth rates are reduced by a factor of two for
a = 0.4 and by a factor of ten for o = 0.7. Thus, depending on the
experimental conditions, a value of a somewhat less than unity may be

sufficient for effective stabilization of the mode.

B. Generalization to an Arbitrary Density Profile

Taking the low density limit of Eq. (7), multiplying it by ¢*

(complex conjugate of ¢), and integrating over all y, we obtain

+c0 +o0
. [s_-i(s.+kv, )] dn
do,2 v K1al2y = ike 2 Yr i T0x 0
f_“dyclayl lel? Teoof_wdy"" e w0

where Sy and s; are the real and imaginary parts of s, respectively.

The imaginary part of (12) is

Sy [ dy _1912_3;9 = 0. (13)

Using the assumption Sy $ 0 in (13), the real part of (12) yields

400 400

2 dn

2

ek c el - 2, .2y .12

(g;g;) f dy (Is ‘ & Vo) ( | do/dy| k“|¢]“)ay. (14)
k

-0 -0

e i,
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. Consider the case where no(y) monotonically increases with y iny < 0,

v reaches a peak at y = 0, and monotonically decreases for y > 0; then
. > > .

Vox g/ <0, if Vox(Y) <0 for y < 0 (v, (0) =0). In this case,

the righthand side of (14) will be negative. The lefthand side of

(14), however, is manifestly positive. Thus, in this case, the

. original assumption Sy $ 0 cannot hold. Hence, for V(')x > 0, there

can only be stable, purely oscillatory modes, s, = 0.

.
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IV. Arbitrary Density: Analysis of Marginal Stability

A. Marginal Stability Condition

In order to assess the validity of the low density results, we
analyze the case of a sharp boundary, constant density beam. In
the beam region, the wave equation, Eq. (7), is a Whittaker equation.
The eigenvalue problem tumns out to be complicated, except at s = 0.
In the low density case, it is seen from Eq. (11), that s = 0 corre-
sponds to the boundary between stability and instability. We shall

show subsequently that s = 0 also corresponds to marginal stability

in the general case. For s = 0, Eq. (7) is simply

2 2
2 W w ¢
&o 2 . %
(k” - —Z—-P—-N = — [8(y + 8) - 6(y - A)]. (15)
dy? L s(v(')x)2 WeVoxY

2 .
= ' . = -
Here, Vox = Vox'Y» and from (9), Véx = wp(a l)/mc. Applying the same
boundary conditions as in the previous section, it turns out that

the eigenfunctions are either odd or even functions of y. The odd

mode obeys the eigenvalue equation

2
w
kA + kA coth(xa) = - ——v?~ , (16a)
“cVox
and the even mode obeys
wz
kA + k4 tanh(kd) = - 2, - (16b)
c’'0x

where k% = K2 - w;/(vaLs)z. To analyze Eqs. (16a) and (16b), we define
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the following normalized quantities: X

ka, T = Vo/(pr),

€ = ch/(prS). Using Eq. (9), the s = 0 eigenvalue equations become

@ -enix+ 1 - ERIY2 cotnd - (EpNMA =1, (7a)

and

2]1/2

@-enix+ X - 5P tanh[X% - (T%ET)211/2} =1. (17

Clearly, the low density results must be recovered in the limit

€ << 1. To describe velocity shear reversal (e > 1) for € << 1,

we require T >> 1. In order to estimate the validity of the low

density results, several values of T were tried. Surprisingly, the
discrepancy between the exact results and the results in the low
density approximation is small for values of I' as low as 2. This is
illustrated in Fig. 4. Consequently, the low density results ought
to yield a fairly good assessment of the situation for I' 5 2.

B. Perturbation About s = 0

We now proceed to an exapnsion about s = 0. This expansion will
confirm our claim that s = 0 corresponds to marginal stability.

We set




2

= gs, + + ...
s =¢es; +e's, ,

©
i

¢0 + e¢1 + ez¢2 oo, , (18)

in Eq. (7). Here, the subscript zero denotes quantities evaluated
for s = 0. In order to define the singular temms of Eq. (7) in
the complex y plane for s + 0, we use causality and replace y by
y-in, where n is a small positive (negative) number if kva >0

(kvj, < 0). Thus,

2 2 2 o
w (y/L.) w . n
s .27 @ do e ay
(s + 1kv6xy) (kstéx) n=0 0x
For exarple, the denominator for n = 1 is
lim -2 = P L + ins(y). (20)
y-in Y
>0
Let us write Eq. (7) as
s =0,
with
L=L, +c¢€L, + 0(82) 3
0 1 ? 3
2o 2 % [msen)] {'
L, = - Kol - )] - R AL WAL AL (21)
0 5;7 0 OLsVOX We A Vox lé
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2
w s
+i B2 sy - 501
¥e k,(av! )
0" 0x

The solvability condition for ¢1 yields

+c0
* = Q. 22
[ o op00=0 (22)
The marginal stability eigenfunction $o is either even or odd and

may be assumed real. Equation (22) yields

2 o
w T $5(0)
P 2 0 - . 2
S e 9 L f & &y (23)

-0

We now examine separately even and odd marginal stability eigenmodes.

Even modes. For even modes ¢0(0) $# 0 and Eq. (23) yields a

relation between k1 and S1

3
k v}
- 1 0x 2
$; < - o (kDLs) £, - 24
P
where £ > 0,
ko
f = EE sinh(ZKOA) + ZkOA + 1 + COSh(KOA).

PSRNl v S SRMANES




Thus, there is instability (stability) for k

1< 0 (k1 > 0). This is
in agreement with the result from the low density case, but now the
character of the instability has changed. In particular, in the low
density limit, the onset of instability occurs when sz changes sign,
while here s itself changes sign (and s is real). Also, in the
present case the instability is due to the in§(y) term, i.e., it
results from resonant particles near y = 0.

0dd modes. For odd modes ¢0(0) = 0 so that (23) yields k1 =0,

but leaves sy undetermined. To determine Sy, We proceed to second

~ order in €. Equation (7) then becomes

and the solvability condition for $, is

+co had
[ o aglpogt| o aglye, = 0. (26)
-0 -0
In (26) we need only include that part of L2 which is even in y
since the odd part makes no contribution to the integral. The even part
of L2 is
W2

{—T)— [8(y+d) - 6(y-0)] - 3 (,(—EP—) G - Zgly.
Vbx

The function 2 satisfies the order-e¢ wave equation
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Ly ¢, * Lyég = 0, 27)

which we solve for ¢l by variation of parameters. Since k1 = 0 and
¢0(0) = 0, only the odd part of Ll contributes to Eq. (26) [cf. Eq.
(21)]. Also, note that the inhomogeneous term in (27), L1¢0, is even.
Thus, the solution of (27) for ¢, can be expressed as the sum of a
homogeneous solution and a particular solution which is even. Since
only the even part of ¢y contributes to (26) we may drop the odd

homogeneous part of $; and represent $, as
6= ol + une P, (28)

where C is a constant, the superscripts o and e refer to the odd and
even homogeneous solutions of L0¢0 = 0, and u(y) is an odd function
of y. The tem u(y)@éo)(y) is the particular solution of (27). From

Eq. (27) we obtain

y y'
_ ' 1 2 " " (0) (y11y 12
u(y) = - dy’' [ ] dy" L.y e, (¥yD1°,
L o Ib e

and the lower limits of integration are a = 0, in order for u(y) to

be odd, and b = 0, so that the y' integral does not blow-up. The
constant C in Eq. (28) is determined by the condition ¢10w) - 0.

This is accomplished in the following.way. The odd part of the
operator Ll is a sum of two texms. The first term gives a contribution

to u(y) of the form




e -2 3

y y' ¢l0)( H) 2
12 f gy 220 (30)

10) = [ 4y Aerery -

0 0

Using the expression for ¢8°) (y) for y » = it is readily shown that
I(w)~¢((,°) (=) » 0. The other term in the expression of u(y) is propor-
tional to {l-e}q)[Zko(Iyl—A)]} and causes u(y)¢8°) (y) to blow-up at

y + « as exp(koly(). The next step is to obtain the expression of

8. Fory sa, {1 = A ep-kg) + B em(kpy). The

constants Al and B1 are determined by the continuity of ¢(()e) (y) at the
beam boundaries [for |y| < A, ¢((]e) (y) = cosh(xgy)], and by the

jump condition of the derivatives d¢(()e)/dy across the beam-vacuum

interface
NS ~dof) o QU
dy + dy mcV(‘)x A '

y=4 y=8"

Using the eigenvalue equation for odd modes, Eq. (16a), we finally

obtain
exp(k A) K
- 0 0 1
= |2 cosh(KoA) + k—o STR(< & 1,
5 exp(-koA) Ko 1
1 2 k_o Sinh(KOA) :

The constant C is then chosen so that the exponentially diverging

terms in C(bge) (y) and u(y)cbgo) (y) cancel (and ¢1(°°) + 0):




——

| e

. 2 ..2 _
isg & sinh (KOA) kO

C = —) . 31
e & (1)

L
Ova 0

It is now possible to calculate sy from Eq. (26). We obtain

+o

Qs} =2k, [ & bPmi 52)
where Q is given in the Appendix. The sign of Q determines the wave
stability properties near the odd mode marginal stability boundary.
We have verified that Q > 0 for w; = wc}vdxl (no magnetic shear) and also
for wf) > l.SmCIV(')XI(cf. Appendix), and we believe that Q > 0 generally
(although we have been unable to prove this). At any rate, for cases

of interest the magnetic shear is usually strong enough so that

w12> 1.5 wclv(')x[. With Q > 0, Eq. (32) shows that 52 changes sign
at the odd mode marginal stability boundary, and the system is unstable

(stable) for k2 >0 (k‘2 < 0).




V. Cylindrical and Finite (vo/c)2 Effects in the Low Density Limit

In the preceding sections we have shown, in slab geometry,
that the low density results concerning marginal stability were
good approximations to the arbitrary density results for T >2. We
now examine the effect of magnetic shear on the diocotron instability
in cylindrical geometry. Motivated by the confidence we have gained
in the low density approximation, we shall apply this approximation
to the cylindrical problem. We consider the geometry depicted in
Fig. 5. A central rod of radius T, has an electric charge Q per
unit length and supports a current I. The annular electron beam of
constant density n, is located between the radii 5 and T, and a
metal cylinder surrounds the system at r = T, There is a constant
applied magnetic field Bz. In an earlier paper, Levy2 examined
the case with I = 0 (i.e., no magnetic shear) and he neglected
electromagnetic effects due to finite values of VO/C, where
V0 = (Y°§)/(§) is the velocity of the beam along the magnetic field,
and ¢ is the speed of light. He studied, among other things, the
stabilizing effect of the charge Q on the central rod. In this
section, we show that the current I has an effect similar to Q and
that electromagnetic effects enhance the stabilization properties
of both Q and I.

We assume the total azimuthal magnetic field, Bg + B; Z By << B,
where Bg is the self magnetic field of the beam, and Bg is the field

produced by the current I in the central rod. Consequently, we

= -en V_ are

assume that v, = Vb and the beam current density JOz Vo

0z
constant. From Ampere's law
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MLl

r _ 0 »

By = >0 » for r 3 T.»

B =0, forr%r

0 ’ 1’
uOJ

s _ 0z 2 2 -z

By = —5- (r ), for 112 1),
Moloz 2

By = L2 (of - 1d), forr >, (33)

The equilibrium electric field EO is radial and induces an azimuthal

equilibrium electron drift velocity

_ VozBe(r)  Egp(r)

Voo = T B B, G4

A Z

From Gauss' law, for T, >r > )
2.2 2
r’-ri w
l1p 0
T Bz * Zﬂreo’ (35)

=

Eop(m) = -

(g]

so that we can express veo(r) as

2
r% 1 ~ 71,2
Yoo =787 (- WA, (36)
0
where
0z —1 (5 - Q, (37)
eno-rrr:l c )

M T A - rpiE:

Hoar i




which is analogous to & in the slab case [cf. Eq. (9)]. We now
define an equivalent charge by wnit length

v,
"= 'Yo Q - ‘——): ‘ (38)

where y62 =1 - Vg/cz. Evidently, Q and I have a similar effect on
veotr). We also notice that for a given set of values of Q and I,
|1Q'| is increased when V, approaches the speed of light, c. Clearly,

" the self magnetic field enhances the effect of Q and I. The perturbed

quantities are assumed to be of the form

= f(r) exp(st + img). (39)

We are looking for waves which have a phase velocity much smaller
than the speed of light. Consequently, the density perturbation
n is related to the perturbed potential through Poisson's equation

V2 =

a il

L) - @% - . | (40)

and produces, due to the velocity V0 of the beam, a perturbed magnetic

field given by Ampere's law

VB = gl = ugeVgnzy: 3 (41)
In the expression for J we neglected the perturbed electron velocity,

since we assume Vo to be a finite fraction of ¢, so that lvl/v0 << n/no,

[ " TTEI T T TV
e




]
1
I
!

as can be shown from the continuity equation. We write B in terms

of a vector-potential A = Az .~

B = Tx(Azg) = VA x z, (42)
and from Eqs. (40) and (41) we see that cZA = V0¢, so that Eq. (42)
yields
VO
3z xzy (43)
c

To obtain the wave equation we need to solve the electron
continuity equation

dno
Sp(TIn + vy —p = vy, (44)

where sm(r) =s + i(m/r)veo(r). Since the wavelength is infinite
in the z direction, we need only the component of v perpendicular
to the magnetic field, say v,. As in Sec. II, all frequencies are
assumed to be small compared to We- The equation of motion then

yields

V¢ + vxB, + v, x B =0. (45)

We replace B by its expression in terms of ¢1 Eq. (43), and obtain

v, from Eq. (45)

st E A

TN




Vas g (46)

We now have all the elements to write down the wave equation, namely

Eqs. (40), (44), and (46)

2
1d . doy, om2, _ Y imre 1 Py
= (r3D) - D= = ). (47)
T dr dr T ngc sD(rI’ 0 dr

Our wave equation is identical to Levy's equation [Eq. (10) of Ref.

35 and Q by yg(Q - IVO/CZ). (Thus,

2], provided we replace w by + iy
with these transformations, Levy's numerical results2 can be used
directly.) The implications of this are the following. Compared
to levy's results, our results show that, provided the sign of

IJOZ is identical to Q, the current I has the same effect as Q
(magnetic shear can reduce the velocity shear in the beam, thus
enhance stability). Second, due to the selfmagnetic field of the
beam, the actual Q and/or I necessary for stabilization are smaller
by a factor 762. Third, due to electromagnetic effects, the actual
growth rate is smaller by a factor 762. Finally, we note that for

experiments currently planned at Comell6

velocity shear due to shear
in B dominates that due to charge on the wire; Q is typically a

factor 10 smaller than IVb/cz.
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VI. Conclusion

e

The motivation of this paper was to examine the influence of

magnetic shear on the diocotron instability. The idea is that

ExB velocity shear, which is the source of the diocotron instability,

P

is reduced and can even be reversed by sufficient magnetic shear.

As a first step, in order to assess the validity of the low density

case, we examined, in Secs. II to IV, the stability of a planar
unneutralized electron beam immersed in a strong magnetic field,

. In Sec. II, the general wave equation for slow

. 2 2
1.€., wp << wc

electrostatic waves 1is derived in the presence of magnetic shear. In Sec.

III, we specialize to the low density case which turns out to be the most

tractable case. It is found that as velocity shear is reduced, .
as a result of magnetic shear, the unstable domain in k-space

shrinks and occurs for larger values of k. At the same time, the

growth rate is reduced significantly. Overall, marginal stability

is achieved when velocity shear is cancelled. In order to assess

the results for marginal stability in k-space, we solved the %
arbitrary density case in Sec. IV, setting the frequency s = 0. It

turns out that s = 0 is a limit in which the arbitrary density case

is easily tractable. We conclude that the low density case results

yield a fairly good assessment of the situation for values of

wy < VO/(ZA). We then check that s = 0 corresponds to marginal

stability in the arbitrary density case by expanding the eigenvalues

and eigenfunctions around s = 0. Finally, in Sec. V, we examine,




in the low density approximation, the cylindrical case, with a

central rod supporting a current in order to produce magnetic
shear. Including electromagnetic effects due to finite values of
(Vb/c)z, we obtain a wave equation similar to that obtained
previously by Lewy.2 The comparison with Levy's wave equation
and his consequent results leads us to the following conclusions.
The current I in the central rod has the same effect as the charge
Q on the rod for diocotron mode staLilization. Moreover, the values
of Q and/or I needed for stabilization are reduced by a factor

Yg due to the self magnetic field of the beam and similarly, the
growth rates for a given value of yg(Q - IVb/cz) are reduced by a
factor 762 as compared to those obtained by Levy. This last
effect is due to electromagnetic terms arising when finite (Vo/c)2

is considered.
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Appendix

Here, we determine the quantity Q appearing in Eq. (33}, and we

show that Q > 0 both for mg = mclval (no magnetic shear) and for

2 , .
wy > 1.5 wclVOxl' (We suspect Q to be always positive for vy < 0.)

Using the results of Eqs. (27)-(33) we obtain

Q, &
Q :Q1+—2‘+'_4’
Ly L

2 mzsinhz(KoA) 2 o} sinh-”(zoA) cosh(ky4)

Q = —5 3t 7
wckO(Ava) we KO(Avéx)
+A
2 ) 4 . .2
N 3w sinh (Koy) ) 2 wp sinh (KOA)
27 v y® 4 2 Ko A2 (vt )°
0'Vox " y 00> Yo
+A
sinh(cyy) cosh(cpy) 4 m; sinhZ(KOA) ()
& T ek )’
-A Y c 0 0x
+A
4 m4 sinhz(Koy) I(y)
S T ) Y |
0% 0x “A Y

It is clear that Q > 0. From the definition of I(y), Eq. (31), it is
immediately seen that I(y) is an odd function of y and that yI(y) > 0.
Consequently, Q3 > 0. Without magnetic shear (Ls + <), Q reduces to

Q and Q > 0.

iahe "l
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We now show that Q, >0 for Vix < 0 when w; > 1.5 wclv(']xl . An

integration by parts of Eq. (31) yields

+A +A

sinh(KOy) cosh(KOy)
KOI(A) = | dy - coth(KOA) dy

y
0 0

sinhz(xoy)
— -

Using the addition formula
sith(kyd) cosh(xyy) - cosh(xpd) sinh(kyy) = sinh[k,(4-y)] >o,

we replace I(A) by zero and obtain a sufficient condition for Q2 > 0:

+A +A
w®  sinh®(c.0) sinh(i.y) cosh(k,y) sinhZ(<,.y)
P 0 . 0 LN 0
w_|vy | (x A)Z Y 2 K .
c! Ox 0 0 oy

Furthermore, using the properties: cosh(x) > sinh(x) > x, we obtain

the final sufficient condition for Q> 0:

Wt

—P __ 1.5,

w1 Vix!

o
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Figurc Captions

Fig. 1 Planar beam with thickness 24 in the y-direction and infinite

in the x and z directions. Magnetic shear in the y-direction. i

{ Fig. 2 Stability boundary for diocotron modes as a function of kA

—

and o for the low density case. Instability exists in the
region between the two curves shown,

Fig. 3 Normalized maximum growth rates as a function of the velocity

—r—r eme———

shear parameter o (low density case): & = chs/wge.

: Fig. 4 Boundaries of unstable diocotron modes in k-space as a function

i of € = mCA/(prS) for T = 2. The dashed lines arc thc low ;
density case results, the full lines, the arbitrary density j
results.

Fig. 5 Annular electron beam in cylindrical geometry. The central . A

rod of radius r_ supports a current T in the z-direction,
producing a shéared magnetic field. 4

b TR O PRRIEE SR

;




,* Bz Bx(~A)







[ Bas 4







Metal cylinder

7 %
@
777

LR

Central rod

Annular e —beam




lon-acceleration mechanisms in vacuum diodes

R. J. Adler and J. A. Nation

Laboratory of Plasma Studies and School of Electrical Engineering, Cornell University, Ithaca, New York 14853
(Received 11 September 1978; accepted for publication 29 March 1979)

A study of proton acceleration in a Luce diode has been carried out. Measurements of beam-
neutralization times, electron and ion energy distributions, and induced radioactivity have been
made. These measurements show that the effective potential-well depth at the beam head is less
than the electron-accelerating voltage. Also, the relative activity of Mylar and copper foils

indicates that ion energy increases with mass for Z =

1 particles. Both of these observations are

consistent with ion acceleration resulting from a moving potential well.

PACS numbers: 41.80.Gg, 29.25.Cy

High-energy ions in intense relativistic electron beams
were originally reported by Graybill and Uglum in beam-
propagation experiments in a neutral gas. ' More recently,
Luce 2 observed high-energy ions from an evacuated tube
when an electron beam was generated in a vacuum diode
having a dielectric anode insert.

In the experiments described in this paper, protons of
up to 10 times the electron injection energy eV, have been
produced. The experiments were designed to help improve
the understanding of the acceleration process. Although a
spectrum of ions with 0-10 times the beam energy is pro-
duced, interest is focused on the high-energy tail since effi-
cient methods of producing the lower-energy ions already
exist.?

Several models have been proposed to explain the accel-
eration *%; however, at this time there is not enough evi-
dence to prove any one of them correct. The acceleration
mechanism is believed to be at least partially electrostatic,
due to the apparent dependence of acceleration on the ratio
of the beam current to the space-charge-limiting current.’
The exact dynamics of the process appear to be extremely
complicated although there are two main viewpoints which
are used to qualitatively explain the acceleration.

The first view is that a deep (two or three times V)
electrostatic potential well is formed downstream from the
anode plane, and the bulk of the ion acceleration occurs in
this quasistatic well.

The second view is that a potential well with a depth

COLLECYONS
FARADAY CUP >

== e
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- -RosowsK SiGNALS

FIG. 1. Experimental schematic showing Jiagnostics used. The electron
Faraday cup was replaced by the segmented ion Faraday cup or an activa-
tion sample for portions of the experiment.
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comparable to the cathode potential propagates at the head
of the beam along with the bulk of the neutralizing ions.

A potential well having a depth of two to three times the
cathode potential is intrinsically a nonequilibrium configu-
ration and, as a result, must oscillate in time. Electrons will
be present at the potential minimum and these electrons,
together with the remaining electrons which form the well,
will be continually repelled to the walls by the oscillating
electric field. If the walls are far enough from the minimum
50 that a repelled electron takes more than one oscillation
period to reach a detector mounted on the wall, then the
highest energy elcctrons reaching the detector should have
an energy equal to the time-averaged potential well depth.
The time-averaged potential well determines the field which
accelerates the ions since the ion-acceleration time scale is
much longer than the electron time scale. In this experiment,
electrons underwent approximately two oscillations before
reaching the wall.

The preceding comments form the basis for the inter-
pretation of the experiments to be described. The experimen-
tal setup is shown in Fig. 1. Typical electron-beam param-

WSM
D ode
Vortage /\

c)
Radial
Collector
Current

1O
o
3
<
T

FIG. 2. (a) Diode voltage. (b) Diode current. (¢} Radial-collector current
(relative units) with a 0.48-mm-Al absorber. (d) Longitudinal-collector cur-
rent (relative units) with a 1.04-mm-Al absorber.
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FIG. 3. Current-monitor signals with the values of diode gap d.

eters where V,; = 0.4-1.1 MeV and 15-50 kA in the diode.
An aluminum cathode tapered down to 0.2 cm was posi-
tioned at a distance d from the downstream side of the 1.2-
cm-thick polyethelene anode. The anode was tapered with a
22° half-angle, matching the cathode taper. It was held in
position by an anode holder containing a resistive current
monitor used to assess the time at which the neutralized
electron beam detached from the anode surface. A variable-
length 7.3-cm-diam drift-tube section followed the anode
with vacuum fittings in the wall to house absorber-covered
Faraday cups. A Rogowski current monitor was placed 25
cm downstream. The end of the drift tube had <ither a seg-
mented Faraday cup to measure ion currents (the cup was
preceded by a transverse magnetic field), a stacked-foil Fara-
day cup to measure electron currents and energies, or an
activation sample. The base pressure in the system was al-
ways less than 8 X 10 ~ * Torr.

The absorber-covered Faraday cups on the sides of the
drift tube used combinations of aluminum and Mylar foils of
a thickness from 0.5 to 1.5 absolute electron ranges thick.
Three cups including one at 45° to the drift tube were placed
at 1.75, 17, and 38 cm from the anode. In the radial-collector
measurements, electrons with energies U/<0.8¢V,, were mea-
sured. The radial collectors typically showed 15-nsec pulses
occurring at times corresponding approximately to the time
at which the beam front reached the cup as determined from
the Rogowski current measurements. A typical radial ab-
sorber-covered-Faraday-cup trace is shown in Fig. 2.

A stacked-foil electron Faraday cup was also used in
the search for high-energy electrons. When used as an elec-
tron detector, it consisted of a grounded aluminum foil sepa-
rating the end of the drift tube from an isolated housing
containing four foils spaced at 3-mm intervals, and each con-
nected by a terminated 50-2 cable to an oscilloscope. Typi-
cal signals are shown in Fig. 2. The electrons detected had
U< 1.2e¥, and reached the detector 20 nsec after the first
ions were measured at the same monitoring position. Lower-
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energy (U<0.6eV,) electrons were detected ahead of both
the high-energy electrons and ions.

The conclusion drawn from these measurements is that
adeep potential well of two to three times the cathode poten-
tial is not associated in these experiments with the accelera-
tion of ions to energies greater than the beam potential.

The time taken for the potential well to move a signifi-
cant distance from the anode was inferred from the resistive
current monitor in the anode holder. The monitor resistance
was 0.13 £2 and was made up of six carbon slugs in parallel
uniformly spaced in the azimuthal direction. The signals
were attenuated and monitored on a Tektronix 454
oscilloscope.

Typical signals are shown for representative values of d
in Fig. 3. The corresponding diode currents are indicated by
the dashed line. A segmented foil-covered Faraday cup was
used in this experiment to monitor ions with energies greater
than 1.2 MeV. Two distinct classes of behavior can be dis-
cerned from these measurements. For d<2.54 cm, ions of
energy greater than 1.2 MeV were observed, signficiant
beam currents (I > 2 kA) were detected 30 cm downstream,
and the current-monitor signal consisted of a 6-10-nsec
pulse at the beginning of the current rise. The monitor cur-
rent is roughly equal to the diode current during this time.
For d > 2.54 cm, little or no net beam current was propagat-
ed, no significant ion current was recorded, and the monitor
current was proportional to the diode current for the dura-
tion of the pulse, although smaller in magnitude. The rise
time of the monitor current as a function of d is shown in Fig.
4 with the ion-producing region delineated. Note that the
rise time is less than the typical voltage rise time of 15 nsec
for all ion-producing cases.

These results are consistent with a model in which the
electron flow follows the radial field lines behind the diode to
the anode holder until sufficient ion current is present to
neutralize the electron beam. At this time the neutralized
beam starts to propagate (possibly pinching behind the beam
front), and the dominant radial electron flow occurs at the
beam head as shown by the Faraday-cup measurements in

No ions lons produced
produced |
Current Risetime '
(nsec) ',
30t !
T )
20} }
\'\
|
10} !
| 6\ &
! f—us
I
L 1 i s 1 i Y d
3.8) 2.54 1.90 1.27 0.63
d(cm)

FIG. 4. Rise time of current-monitor signal as a function of d. The regions of
ion production and no ion production are indicated.




]
log{Yieid) Z§/—.

e
\ \#n !!
b §§ —

’ %§§§é§ §§%§\§§% — ~BACKGROUND
\ N\ Y X -
§;\§\ I2 I4 I6 20

Number

FIG. 5. The clear area indicates yield as a function of Mylar-foil number.
The yield of the same foil inferred from copper-foil measurements is shown
in the shaded area. The dashed line indicates the maximum depth at which a
deuteron with an energy equal to the maximum proton energy would have a
measurable probability of producing activations. The peak proton energy in
this data is about 9.2 MeV.

Fig. 2(c). The relative time duration of the current-monitor
and Faraday-cup signals are comparable and consistent with
electron-beam loss at the beam head. These observations are
all explained by the moving well view.

The natural isotopic abundance of deuterivm present in
all hydrogenous materials, coupled with the high cross sec-
tions of (d,n) reactions, *'° provides a single-shot method for
assessing the effect of accelerated-ion mass independent of
charge. In particular, the similarities between the reaction
%Cu( p,n) **Zn and '3C( p,n)'*N° allow us to infer the yield
of N due to the reaction *C(d,n) "*N.

In our experiment, the ion beam was extracted into air
through a 25-um steel foil and struck an activation sample
made up of half-circle Mylar and copper activation foil
stacks. The "N yield (clear area) is compared with the yield
due to protons only, inferred from the >Cu reaction (shaded
area) in Fig. 5. The discrepancy can only be accounted for by
a natural abundance of deuterons accelerated to an energy of
1.4 to 2.0 times the proton energy since other reaction yields
are negligible, and the discrepancy persists beyond the range
of a deuteron possessing the peak proton energy (9.2 MeV).
The electron-energy and shunt-current measurements are
each based on several hundred shots. Substantially less data
(five shots) was analyzed for the deuteron measurements.
However, in spite of varying conditions, the discrepancy be-
tween the '*N yield and inferred yield was always very simi-
lar to that shown in Fig. 5 and consistent with the above
interpretation. The presence of deuterons of energy greater
than the proton energy in the same beam is strong evidence
for the moving-well model.

5027 J. Appl. Phys., Vol. 50, No. 7, July 1979

The number of ions accelerated and the ion energies
achieved are limited by the conservation of momentum. Ap-
plication of the momentum conservation law yields a limit
on the number of ions accelerated given by

N, =3.4X10"alyr/BA,

where / is the diode current in kA, 7 is the interaction time in
nsec, A4 is the atomic mass in amu, and 5, is the average ion
velocity acquired. The parameter a gives the fractional mo-
mentum of the electrons transferred to the ions and from our
observations with Faraday cups is estimated as 0.5. For mov-
ing-well acceleration, the total ion acceleration scales in-
versely with the ion mass and the charge state only enters in
determining the ion-trapping efficiency. In our experiment
we estimate that the number of ions accelerated is very close
to the value determined from the above equation. To achieve
more efficient acceleration we require that only the most
energetic ions are accelerated and that the low-energy ions
are removed from the interaction process. Alternately, a
more efficient ion acceleration might be achieved if one has
reflexing electrons.

In conclusion, the experiments performed using the
Luce diode support the moving-potential-well model of col-
lective acceleration. The observations also suggest that con-
servation of total beam momentum, with the associated
{m,) ~ ! scaling is the limit on total ion acceleration.

One of the authors (R.J.A.) would like to thank the
National Research Council of Canada for providing a post-
graduate scholarship for the period over which this research
was performed. This research was supported by the U.S.
AFOSR, BMDATC, and NSF.
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Mechanisms for Collective Ion

Acceleration in Vacuum

R. J. Adler, J. A. Nation, and V. Serlin
Laboratory of Plasma Studies
and
School of Electrical Engineering,
Commell University,

Ithaca, New York 14853

Abstract
Ions, from a dielectric anode, have been accelerated to energies
up to 22 times the injected electron energy by an electron beam in a
vacuum drift tube. The beam front velocity has been measured with
1 emphasis on the accelerating region. Measurements of the high energy
) ion production time demonstrate that the ions are produced far behind

the beam front. Preliminary measurements indicate that there is a

substantial high frequency (0.1-3 GHz) signal on the beam which is
time correlated with the ion acceleration. This suggests wave

acceleration may be the dominant mechanism for the high energy ionms.
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The large fields available in intense relativistic electron

beams have been used to accelerate both electrons and ions. Accelerated
ions have been observed during beam propagation in neutral gasesl, in
experiments where a localized ion source is available at the anode2'4,
and when an ion source is available at the drift tube wall.S In the
case of collective ion acceleration in neutral gases, the ion velocity
has been shown to be equal to the beam front velocity6, indicating
that acceleration is due to space charge forces at the beam front.

A variety of beam front mechanisms have been proposed to explain
collective acceleration in vacuum. These have included '"deep potential

well” models’ >

, which were subsequently demonstrated not to be important
in the vacuum experiments.,10 and moving potential well models. One
example of a moving well model is the ‘'piston' model proposed by

11 In a moving well model, ion acceleration is due to -

Destler et al.
space charge forces at the head of the electron-ion beam. The ions

are accelerated by the space charge, resulting in an increased front
velocity and further acceleration. One consequence of such a model

is that some identifiable phase point defined as the beam front must
accelerate and move with the fastest ions.

In this work measurements of the net beam current at various axial
positions are reported. These measurements, which yield the beam front
velocity, are compared to measurements giving the production time of
high energy ions and hence provide a basis to determine the relevance of
moving well theories. The results, which showed that the ion acceiera—
tion occurs well behind the beam front, prompted an investigation of

beam current oscillations in the frequency rénge 0.1-3 GHz, and these

results are also presented.
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The experimental setup is typical of that used in Luce diode
2,4,9,10,12

investigations. During this study the electron beam
parameters were .5-.6 MV diode voltage, and a 30-35 KA peak propagating #
current. The resulting peak ion energy was typically 8 + 2 MeV. The |
diode used a tapered aluminum cathode which was positioned 6 mm from

the downstream side of the 1.2 cm thick polyethylene anode. Both the’

anode aperture (which had a minimm diameter of approximately 1.4 cm)

and the cathode had 25° half-angle tapers. The diemeter of the poly-
ethylene was 3.8 cm and the beam was propagated in a 7.3 cm diameter

drift tube. If we define axial positions as the distance z from

the downstream anode surface, then a Rogowski current monitor was fixed
at position z = 2.3 cm. An axially movable Rogowski was positioned
inside the drift tube. The perturbation introduced by this monitor did

not affect ion acceleration in any measurable way. Magnetic field

pickup loops for the rf measurements were positioned 4 mm inside

the wall at z = 6.3 cm, and at z = 11.5 cm. The Faraday cup used for
time resolved high energy ion measurements was positioned with the
charge collecting surface at z = 50 cm. It was preceded by a transverse
magnetic field region (3 KG average field) for 15 cm in order to
deflect the beam electrons. A 75 um steel foil preceded the Faraday
cup so that only ions of energy E, > 4.7 MeV were monitored. Gther

ion diagnostics used to assess ion production included stacked foil

activation, total neutron yield measurements and neutron time of I
flight. Prompt y signals from (p,Y) and (p,ny) reactions were also
measured on the neutron time of flight detector and compared to the

Faraday cup signals. l
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All waveforms were recorded on a Tektronix R7912 Transient

Digitizer (RF signals from 1.5-3 CHz were first detected with an HP 420A
crystal so that only the signal envelope was measured). Relative
timing information was obtained by using known cable lengths and

delay lines and combining the two signals of interest using a passive

.summing network.

The beam front position as a function of time is shown by the
circles in Fig. 1. The beam front transit time was defined as the
delay between the starts of the two Rogowski signals. The best fit
line shown in the figure corresponds to a velocity of .045 c. The
8-10 nanosecond delay in propagation is consistent with previous
measurements which indicated that the beam does not propagate past
the anode plane during the first 6-10 nanoseconds.10

The vertical bar in Fig. 1 indicates the timing of the high
energy ion pulses measured by the Faraday cup. Because the foils

limited the detected ions to those having velocities in the range 0.1

to 0.15 ¢ we have estimated the time the ion acceleration was completed

by translating the detection time at z = 50 cm to z = 13 cm, using a
velocity of .lc. These measurements were also compared to the prompt
y pulse as measured by the time-of-flight neutron detector. Both
signals indicated the same ion production time; at least 30 nsec after
the beam front has passed.

The relative timing of various signals is demonstrated in Fig. 2
where the diode voltage, the net beam current at z = 13 cm, the Faraday

cup current folded back to 13 cm, and the RF signals at z = 11 cm are

shown. The Faraday cup currents on all shots stop when the flat-top
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on the voltage pulse ends. The beginning of the high energy ion current
varied from 50-80 nanoseconds after the start of the 90 nanosecond
voltage flat-top. Since the ions are produced far behind the beam
front, and the beam front velocity is lower than that required for the
observed acceleration, we conclude that the high energy ions are not
being produced by a beam front mechanism.

The late initiation of the ion acceleration in the beam pulse is
difficult to explain Yy any mechanism other than those associated
with wave-particle interactions. We assume a wavenumber such that
the plasma approximation applies (k < wp/c) and a phase velocity such
that ions can interact with the wave (~0.1lc). This results in a
frequency of a few GHz or less for our experimental parameters.
Direct display of radiation in the .1 to 1.5 GHz range, using calibrated
magnetic pick-up loops close to the tube wall, shows intense radiation:L
bursts which have no correlation with the ion acceleration. In the
range 1.5 to 3 GHz we generally detect two rf pulses, each lasting

about 10-20 nsec. The second of the two pulses occurred at the start

of the high energy ion acceleration time window, for all shots.

Experiments using a variable frequency filter indicate that the signal

is broadband (1 GHz bandwidth). Assuming a wave phase velocity of
order .1lc, a frequency of approximately 2 GHz, and using the measured Lj

beam diameter of 1.2 cm, the R.F. electric field in the beam can be

estimated from the known R.F. magnetic field at the wall.13 This
results in axial electric fields of 1-10 MV/cm at the beam edge. The i
lower end of this range is comparable with the accelerating gradient l

inferred from the peak ion energy and acceleration length (1 MeV/cm).
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A wave acceleration model is also consistent with previous
measurements of high energy electrons. Electrons of more than 1.5
times the injection energy10 were detected during the same time
window in which high energy ions were accelerated.

The ion energy spectrum is exponential in characterlz, as
shown in Fig. 3 which displays the high energy tail as measured by
neutron time of flight. The exponential nature of the energy spectrum
is concistent with the quasi-linear stage of wave-particle interaction
where the broadband spectrum increases the effective ion temperature.

A study of possible wave interactions which could lead to the
measured acceleration shows that the electron-ion two stream instability
is a strong possibility.lll_16 Once the beam current becomes uniform
over the accelerating region (measured at 50 nanoseconds into the pulse)
all of the conditions for instability growth are satisfied. The instabiiity
onset current is approximately 17 kA (half of the injected current in
this case) for our parameters. The characteristic features of the

instability, i.e. axial wave number kz, and the real (wr) and imaginary

(wi) parts of the wave angular frequency are given by:

YA

k, ~ aBZ /;i
e’ A

ke B 1G5 8
zZ 1

1/3 c




where a is the beam radius, and IA is the Alfven-Lawson limiting current.
Note that above we have assumed equal electron and ion densities since
more than a 10% deviation from this condition would result in violation

of the space charge limiting current condition. In our experiments,

where I/I, ~ 1, the above formulas give values of k, ~ 2 cmnl, w, ~

T
9 9 1

7 x 107, and w; ~ 5 x 10 sec ~. Here the average ion velocity B;c has

been taken as equal to the beam front velocity of .045 c. The peak

electric field dictated by single wa.e electron trapping is:15

2
~ - mc_
Emax kz(Yw ) e
where Yy is the electron y measured in the wave frame. Numerically

Emax ~ 1 MV/cm, consistent with the observed value inferred from the

rf signal, and the average electric field given by the peak ion energy
divided by the acceleration length.

We conclude that the high energy ions cobtained in vacuum collective
acceleration are not associated with travelling potential wells. Wave
acceleration resulting from the electron-ion two-stream instability
is probably the dominant acceleration mechanism.

The authors would like to thank George Providakes for advice on
R.F. measurement techniques, and Jim Ivers and Frank Redder for technical
assistance. This research was supported by AFOSR under contract no.

80-0087.
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Figure Captions .

Fig. 1. Beam front position as a function of time. The start of

the ion production is marked by the vertical bar. 'r

R

Fig. 2. Relative timing of Faraday cup, diode voltage, current

at 13 cm, and rf amplitude.

R et

Fig. 3. The energy spectrum of ions above 2.5 MeV as measured by

neutron time of flight at the end of the accelerating region.




. SN !

QL A R R Tl i o AR

-~y

SANOJ3ISONVN
O_m ¢& 0% 1y O_¢ ae O_m G O_N Gl

o 6 O

NOILONAO0Yd ° 90

NOI o/

-~ o\o

/

\ _ 0

i
o0 -G

-0l
-Gl

-09
WO

r— pemy oumyp OGmB OEN




o - o

,..
i
k.
L’
b
_m

SAONOJO3JSONVN

0l¢ Ole Ogl 06 (0}
owm 08l or4 09 0

1 ] ] ] ] | |

) 1y
— <% | N3uuno
WVEL:
ASH 0SS~ |
JOVLIOA
30010

00e

L

)\\7 dno
Yz | avavavd




i AN
W SNOLOYd

210!




Abstract

An account 1s presentad of some aspects of recent
progreas in the Collective Jon Space Charge Acceler-
acor (CISCA) program at Cormell University. The
object of this program iIs to explore the poteacial of
the slow space charge wave on an ealectron beam for use
in an ion accelerator. We describe in this paper the
results of a study of a Luce diode as an ion source
and ouclina iaitial results obrained when the proton
i baam i3 injected inco a space charge wave growth sec-
tion. Wa find that it is possiblae to inject a beam of
protons through a vacuum diode, used to generate the
bean for wave xrowth, and for the conditions achieved
to data to maintain thae growth of a coherent wave.

Introduction

Previous repor:sl'4 have described aspects of the
# usa of a slow spaca charge wava for collectiva ion

accelaracion. Because the space charge wave can only
propagace with zero phase velocity when the beam cur-
rant is aqual to the space charga limiting curteat, it
is difficult to obtain and control the propagation of
a wave capable of picking up an ion having a velocity
of nuch less than 0.15 ¢. We have, cherefore, chosen
co sgudy the Luce diode as a source of protons for
injection into a demoanstration wave accalerator. This
davica produces a continuous spectrum of protons up to
an energy of about twenty times the energy of the
alactrons in the accelerating beam. For the purposes
of demoascracing the space charge wave accelerator
only the high enaxgy orocous in the tail of the ion
distribution are relavant and we shall attempt to
furcher accelerate chem in che slov space charze wave.

It has proved convenient to genaerate the space
charge wave by coupling the slow wave on a pencil
aleccron beam to the TM modes of a periodic slow wave
structure. Ia chis configuracioca we have achiaved
wave growech and exzracted waves with alectric field
scrangths of 50 wV/ca without avideace of saturation.
We have also observed wava coharance over lengths of
aore than one zeter. Under the conditions used, the
lowest phase velocity obsarvad for the space charge
wava nas beea about 0.25 ¢, a value ian agreement with
calculations using the measured beam operating
condicicns.

A cantral problem ia the use of aay wave accel-
aracor is the injection of the protons into the wave
for accalaracion. The main purpose of the work
described in this paper i3 to axamine an experimental
techaique which will permit the nomadiabatic injection
of a3 procon bean into the wave accelaration saction.
The resul:s reported in this paper are prelizinary and
no efforc has been made to achieve the conditions
necessary for ion trapping. Rather we siamply report
oa the technique used and on the rasulcs obtained with
aasily achievable ifon f{luxes.

Before discussing che resulcs in the body of the
hl paper it should be noted that we do not view the Luce
diode 3vstem 18 a practical injector for a space
‘ charge wave accelerator. This davice yields a proton
flux which is restricted in ics time duration and in
. che flux of useful ions that it vields. It does, how-
1 ever, serve the ver? useful purpose of providing an
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adequate sourca of high energy protoas for injection
into the wave acceleracor for testing the principles
involved in both the injection, loading, and accelera-
tion. We presently believe that the most suitable

wave accelerator injector system will probably be a
protono Induction Linac. In this context we note that
Induction Linacs have not yet been used for the accel-
eration of ions, although the acceleration of Casium
ions has been proposed as part of the Heavy Ilon Fusion
Program. We are currently carrying out a design study
of an ion injector system for use in a wave acceleracor.
The principle problem appears to be the control of the
ion beam expansivn, especially at low beam anergias,

by a combination of a partial space chargze neutraliza-
tion, and by magnetic guide flelds. We conclude this
section by noting that the injector problems, and the
effects on the wave growth and wave acceleration caa

be adequataly tested with the Luce diode as the ioa
injector.

Ion Source Daveloomeats

We now describe the results of our receat studies
on the Luce diode as a source of high velocity procouns
for injection into the wave accelaracor. The configu~
ration used in these studies is shown in Fig. 1. In
the results reported, which are represeacative of
recent experimencs, we have succeedad in obtaining
protons with energies of nore thaa rwenty timas the
injection energy of the electron beam. The electzon
beam is generatad from a Blumlein transmission line
feeding a vacuum diode. The diode uses a conical

Plastic
Anode —/L

Copper
Foils

caEE

- ff+
~1{

Drift
Tube

1L

JFigure 1. Experimental configuration used in the ion
injeccor developmenc.

aluminua or graphite cathode with a rounded tip haviag
a radius of curvature of about 2.5 amm. The anode
consists of a polyethylene disc with a thickness of
12.5 mm. It has a 45° full angle conical hole taperiag
at the drift tube side to 12.5 =m in dilameter., A
prepulse switch limits the prepulse, duriag the approxi-
mately 700 nsec duration charziang of the line, to less
than 15 kV. On a second pulsa line, having a prepulse
lavel of about 80 kV, it was not possibla to obtaia
satisfactory diode operacion. The experimental results
for the lon energy spectrum, obtained usiag a nine ohnm
diode at 570 kV, less an inductive correction of order
100 kY, are shown in Fig. 2. Similar results have beea
obtained with higher electron beam injection enerzies.

To obtain this high multiple of the proton to
electron energy it was necessary to operate at the
ippedance level stated. This occurred when the cathode
tip penetraced about 6 mm into the polyethylene anoda
plate. The drift tube used nhad a 7.5 ca interior
diameter and was about 1.3 2 long. The ion energy
spectrum was determined from copper activation of 25
aicron foils located outside the drifc tube. The drife
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Figure 2. ?Proton 2nergy spectrum from a 370 kV elec-
tron beas, obtained using a 'Luce' diode. Only that
part of the spectcrum above 5.3 MaV is shown.

tube was avacuated to a base pressurs of approximacely
10~% Torr and the proton beam extracted, into the
stackad copver foil system for activacion analysis,
through a 25 aicron stainless steel foil. The results
presaanted show an analysis of che ion spectrum taking
the foils two at a time. Similar results were
obtainad (to within a factor of less than two) with
the single foil analysis. 1In all cases where substan-
tial accalaration of the proctons occurred thera was
nagnatic neautralizacion of the electron beam and
subsctancially greacer net curreats than allowed in
vacuun were nonitored. The accelaracion lengch for
this experimancal data was noc xneasured, buct based on
oravious datca, was probably less than 10 cm. Auto-
radiographs,” obtained from the activated copper
folls, showed that the high enerzy procoan flux had a
very low baanm divergzence. The spoct size, after propa-
gaction of 1.3 m, was approximaceiy 0.6 cm. This
tresult, which is very encouraging for ion injection
iato wave experiments, i3 in contrast to the resulcs
obtainad elsewhere, where a strong divergeace of the
high energy coaponent of the ion beam was reported.
Part of this difference, as is tha enhanced mulziple
of the proton to electron energy, is probably due to
the relacively low beam dioda impedance. The charac-
tariscic long high energy part of che distribution
was enhanced as the beam impedance was decr=ased. The
exparizencs reported here usa lower beam impedances,
and greater zultiples of availabla electron current to
the vacuun space charge limit,%»? chan those reported
elsevherea.

Ion Injaczion Into a 3paca Chargs Wave

To test the concepts of the wave accalarator iZ
s necaessary to devise a scheme whereby the protons
enitzed froa che Luce diode issembly can be i{njected
into a wave growth and acceleracion region. Since the
{ajection must bs nonadiabacic, we {aject the proton
beam into a second electron beam prior to growing the
wave. Ions with the appropriace energias will be
trapoad ia the wells of the spaca charge wave as it
grows. In addition, since we have used for this
demonstration experiment 3scheme one collective accel-
erator to produce the protoas for injection into the
second stage, we aeed to dump the hot electrons,
zeneraced in the Luce diode assembly, prior to their
iniscticn through the 3second diode. The dumping of
the prinary eleactroo bean must be accomplished close
to the second diode so that we do not lose the
preaccalaricad procons, prior to the space charge,
re-nautralization in the second electron beam. These
cocditions are more savere than one :igzht expect o
encounter LI an Iaduction Lima:z can be sacisfaczorily
used 1s the fon source. The dumping of the remants
of =ha 10t alectrons in che first primary dean is
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required so that wave growth can be achieved with a
second low enerzy, cool electrom beaa.

The above mentioned criteria have been sacisfac-
torily met using the double diode configuration shown
in Eig. 3.

1

—Lucito

Luce Diode >

‘ Magnetic.Field
Coil

Vacuum Voitage Current Monitor

Port  Probe

-

. Figure 3. Schematic showing the double diode used for

the injecticn of the proton beam intco a wave growth
section.

The dual diode assembly consists of a Luce diods,
fed from a pulse line system, operatad in series witch
a radial resiscor. The potential drop across this
-4 Ohm CuS0, resiscor {s used to feed the cachode of
the secoad, low voltage dinde. A pulsed magoetic ield
of up to about 12 kGauss is used to confins the low
energy aanular electros beam. The fiald spreads out
radially close to the second cathode and does not
extend into the proton acceleration region. The proton
beam is accelerated from the first diode through a
section of 7.3 cm diametar drifc cube. The length of

,this section was about 10 ca {n these experizeants.

following the acceleraricn 3ection, the three iach
diamecar tube changes iiscontiaously to a 2.5 ca
diametar stainless sceel tube, in which is mounted the
carbon cathode for the second Yaam. The carbon cachoda
is annular having a cencral hole of approximataly 0.8
cm, through which the procons are injected iato the
wave growth region.

Experimeatal observatioans show that the primary
electron beam curreat is reduced to less chan 500 A,
prior to exiting through the second cathode. Thia
reduction {s not Jdue to the applied nagnecic field., 1Ia
fact, in the absence of the field the primary curTeat
drops to less than 50 Amps.

The protons, which are detectad by the activation
of Copper foils, or bv time resolved Faraday cups,
indicate that there are approxizately 5 x 107 >rocons
with energies betweea 5 and 7 MeV traversing the 1.7
mecter length from the first diode to the end of the
drifz zegion. The curreat assoclated with this par:z of
proton flux is approxisacelv 0.1% of the electron cur-
rent injected into the wave growth region. Ia addition
to the nigher ecergy fons thers are also a number of
ifons with energies below the approximacze 5.5 MeV energy
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threshold for activation of the Copper foils, external
to the drift tube (approximataely 1 MaV is lost in
traversing the 23 micron stainless steel vacuum seal).
Figure 4 shows traces of various waveforms from the
double diode system and the Faraday cup detector. The
arrival of the higher energy ions follows che rise of
the dioda voltage pulse by about 60 nsec. There is
also a comparabla electron current reaching the cup.
This precedes the positive ions so that the arrival
tize of the fastest ions may be over astimaced. 1In
addition, the time taken for the neutralized electron
bean to detach from the anode of the Luce diode is of
order 10 nsec. We, therefore, find thac the Faraday
cup observations are consisteat with the observed
activacion data. The ion signal recorded by the
Faraday cup lascs about 100 nsec corresponding to a
range of proton velocities from 0.12 ¢ to 0.03 ¢ .
(energy range of 7 to about 0.25 MeV).

F e . Generator Voltage
500kV$
/’//’-——-- Second Diode
Voitage
100kv¢
2 kA4
Second Diode
e Current
//\h_—-\‘\‘;_, Faraday Cup
Current
100 nsec.
Figura 4. Double diode, and Faraday cup waveiorms.

The upper trace shows the generator outpuc voltage

and the second zives the lower energy diode voltage
(also the prinary diode current). The lower traces
show the low voltage diode current and the response of
the Faraday cup detector, 1.7 m from the 'Luce' diode.

Wavegrowth was recorded by a magneric pick up
loop locatad in the fifth of the six r.fZ. cavities
used in the slow wave structure. This cavicy was
located approximately 65 cm from the Luce diode.
Consequeantly, the proton flux traversed the measure~-
ment cavity at a time scarcing 20 to 30 nsec after the
initiation of the diode pulse and continued through-
out the remainder of the electrom beam duracion. =z.f.
emission was detected during the time interval wnhea
protons were present. There was no detectable degra-
dacion of the r.f. emissioca when cthe procons flux was
present over that with no ions presenc. The r.f.
enission was, in part, associated wich che 2lectron
beam current from the first diode as evideaced by a
reduction in the emission level when tha hola through
the second cathoda was blocked. It is not clear,
however, whether the contribution to the elactrom cur-
rent arising from the primary beam has the full gen~
erator energy or only that of the low voltage diode.
In these experiments the total lina voltage was in the
range 350-600 kV with a Luce diode current of about
25 kA. The second (low voltaga) beam was theraiore
operated in the energy rangs 80-100 keV, and at a
diode current level of 600-900 A,

In summary, we find thac we can propagate high
energy ions chrough a low voltage dioda and maintaia
growth of a coherent wave. The operating conditions
have not yet been optimized and it is possible to
increase the ion and electron energias and the elac-
tron beam curreant. Ir 13 now possibla co study, ac
interesctiag ion loading levels, the effects of
resonant and noaresonant neutralizimg background
protons on wave growth and ion acceleration. These
measurements will be carried out in the near fucura.
The present measurements have confirmed the viability
of the injeccion technique and give favorable firsc
indications of tha effacts of fon loading on wave
generation.

“This work supported by AFOSR, BMDATC, and NSF.
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STUDIES OF A SLCW SPACE CHARGE WAVE COLLECTIVE ION ACCELERATOR*
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I. INTRODUCTION

The collective ion acceleration program, at Cornell University, has as its i
objective a demonstration of the f3351b111ty of using a slow space charge wave
for the acceleration of protons.1 12,3

Due to the nature of space charge wave propagation in bounded media it is
necessary, in order to achieve trapping, to inject moderately high energy ions
into the wave. To accomplish this experimentally we have elected to use a second
collective accelerator to generate the high energy ions required for the injec-
tion. The overall status of the program has reached the point where we have
successfully injected high energy protons into a wave growth section, and have
grown the wave in the presence of the ions. To date we have not achieved the
conditions required for trapping of the ions in the space charge wave.

Ye shall in this paper review each of the elements of the program including

an account of the 'Luce' diode collective accelerator system to be used as the

injector. We view this device as a convenient, and perhaps the only readily
available devics capable of producing an adequate number of ions for injection
into the slow space charge wave. For the wave accelerator we are only interested
in the high energy tail of the spectrnum of the accelerated ions. We have experi-
mentally achieved conditions where we have accelerated protons to energies up to
about 25 times the electron beam injection energy. Wave studies are also reported

in which we have achieved conditions where electric fields of up to about 60 kV/cm a?
. have been achieved at phase velocities of approximately 0.25 c. Present experi- i f
mental work is aimed at monitoring the time history of the wave phase velocity "
on a 250 kV beam. Theoretical studies are also reported of large amplitude soliton
propagation along a strong magnetic field. These studies show a substantial
teduction in the soliton vzlocity as its amplitude is increased. Negative wave
velocities have been observed at currents close to the limiting current for large
amplitude waves. These results are important since they indicate that the condi-
tions required for an injector may be relaxed when large amplitude waves are used.
Finally, we shall describe experiments in which a proton beam from a ''Luce’ dicde
was injected through the cathode of an electrcn beam generator and wave growth
monitored in the prazsence of the ion pulse. This latter experiment required that
the electron beam used to collectively accelerate the protons be dumpad prior to

*his work supported by U.S. AFOSR, BMDATC, and NSF.
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ion injection into the wave growth region. This was accomplished satisfactorily
without serious loss or enhanced divergence of the proton beam.

II. PROTON ACCELERATION IN VACUUM DIODES

Proton generation and acceleration in vacuum diodes has been reported in
several laboratories.5'7 Our studies have been mainly aimed at acquiring a high
energy component in the tail of the distribution. In the configuration used in
these experiments we have used a conical cathode inserted in a tapered hole cut
into the polyethylene anode. The acceleration occurred in a 7.5 cm diameter tube
immediately following the anode. The ion energy spectrum was determined from the
activation of stacked copper foils mounted at the end of a 1.3 m long drift tube.
A variety of additional diagnostics were employed to determine the acceleration
mechanism. Figure 1 shows a spectrum of the accelerated protons obtained when a

700 kV, 60 kA beam was injected
3 N/Mev into the tube. Similar results
" have been obtained throughout the
107 diode voltage range extoending
between about 500 kV and 750 KV,
with the peak proton energy
scaling approximately linearly
with the injection conditions.

10°+

Note that in the operating regime
1dL_ where high energy protons have
been recorded it has been necessary

to operate the generator at low

2 - & I & 3 | S
i 10 12 Me \11 4 impedance. In the case appropriate
to the spectrum shown in Fig. 1
Fig. 1. Energy spectrum of collectively the corrected diode voltage is

accelerated ions. Proton fluxes approach-

%ng 1010/MeV may be obtained at high energies. substantially lower than the moni-

tored voltage. The corrected
diode voltage for this event was less than 600 kV. The highest energy ions moni-
tored have an energy corresponding to about 25 times the corrected diode voltage.
Autoradiographs taken from the activated copper foils show that the ion beam has
a size of about 2.5 cm after propagation through a drift tube about one meter
long. In the experiments to be described later where an ion Leam was injected
into a wavegrowth structure followed by a 2.5 am diameter tube, autoradiographs
showed that the icn beam was better contained with the full spot size being about
0.6 cm after propagation through more than 1.5 m. In contrast to this observation
we also note that there is a substantial radial loss of protons close to the anode

plane. This is inferred from the detection of about 108 neutrons arising from
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proton bombardment of the steel walls of the tube. The reaction forming the '
neutrons has a threshold energy of about 5.6 MeV. Generally the neutron detector
output scaled fairly closely with the number of protons accelerated along the
drift tube. It would seem that the acceleration close to the diode exhibits a
strong two dimensional flow, while the axially accelerated protons only show a

low divergence.

In other experiments we have attempted to measure the acceleration length for
the protons by increasing the drift tube diameter non-adiabatically. At the
discontinuity the space charge well at the beam head will change abruptly and it
is reasonable to expect that the accelerated ions will be decoupled from the moving
well. By varying the location of the discontinuity we find that acceleration
continues over the first 15 am of the drift tube at an average field strength of
approximately 1 MV/am. Close to the diode the accelerating field was somewhat
stronger corresponding to about 2 MV/cm. A series of careful experiments have also
been carried out to search for the existence of high energy electrons. These
experiments are described in detail elsewhere.8 They showed that there was no
evidence for the existence of electrons having energies greater than about 80% of
the uncorrected diode voltage. The failure to detect these electrons indicates
that deep potential wells at the beam head are not present in our experimeat and
that they do not play a role in the acceleration. In these experiments additional
evidence was also obtained for ion acceleration by moving wells from a comparison
of the activations obtained in copper and mylar foils. The Clz(d,n)N13 reaction
contributes substantially to the activation of the carbon in the mylar, having an
approximately equal yield to that arising from the Cls(p,n)N13 reaction. This
arises because of the greater abundance of c!? than that of C*° in the mylar.

The deuteron activation in the copper is inconsequential as regards the yield of
activated copper due to the small number of deuterons accelerated. A corparison
‘of the activations of the two foils shows results consistent with the acceleration
of a number of deuterons (having about the isotopic abundance relative to the
protons in the plastic anods) to twice the energy of the protons.

Summarizing our present results we have obtained a proton spectrum extending
out to about 25 times the corracted diode voltage. The velocity of the highest

energy protons matches fairly closely the movement of the electron beam front as
determined from Rogcwski ccil measurements of the net beam current. Net beam
currents, measured 30 cn from the anode plane, show rapidly rising current wave-
forms to peak currents more than one order of magnitude greater than the vacuun
limiting current. It would seem that the highest velocity protons recorded might
well be limited by the inductively driven voltage developed at ths beam head
exceeding the driving voltage in the diode. A limit somewhat similar to this, but
possibly less severe, has been examined by Puznam’ and extended by Tsytovich and




10 It should be noted that we have had to drive the electron beam

: ) Khodataev.
source extremely hard (i.e., at low impedance) to obtain high multiples of the

E | proton energy to the injection energy of the electrons. It was not possible in
| our experiments to obtain high energy components in the proton spectrum at the
impedance levels reported elsewhere. This observation is consistent with the

speculation offered above since the other experiments employed moderately high

4 ' impedance beams in large diameter, short drift tubes.

(R

’ III. WAVE PROPERTIES

The rapid dependence of the slow space charge wave phase velocity on the
ratio of the beam to the limiting current indicates that the slow space charge
wave accelerator may be best suited to the acceleration of ions from moderate
energy to high znergies. To achieve a practically useful accelerator, assuming
the results of linear theory, we shall require an injector having an output energy
of about 20 MeV. For our demonstration of the feasibility of the space charge
wave accelerator we have decided to use a relatively low energy electron beam for
the wave generation so that we can pick up ions having velocities of order of or
slightly less than 0.2 c. Most of our work has been devoted to the development of
techniques for the growth, control, and propagation of slow space charge waves on
a 350 kV electron beam. These measurements have been time integrated over the dura-

tion of the pulse giving average phase velocities. Our present activities are
concerned with the time evolution of the wave growth and its phase velocity, using
f a 250 kV beam., Figure 2 shows a calculated curve for the low amplitude wave phase

1‘0‘1 ‘_’ph/c

Fig. 2. Wave phase velocity at 1.1 GHz for a pencil beam in a drift tube. The
solid lines represent the calculated velocities for 350 and 250 KV beams. The
experirmental points shown were obtained at an injection energy of 350 keV.
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velocity as a function of the current to the limiting current. The two curves
correspond to the cases of a 350 and a 250 KV pencil electron beam carrying 1.1
[z space charge waves. The experimental points correspond to data obtained for
the 350 kV beam case. The experimental data is appropriate to propagation of a
1.2 cm diameter beam in a 2.8 cm diameter drift tube. The experimental velocities,
which were obtained for wave growth at 1.1 CHz are consistently lower than the
expected values. The peak wave amplitude in these experiments corresponded to an
accelerating electric field of 60 kV/an. A feature of these experiments, and
others in which the wave was carried on an electron beam in a diverging tube,

was the onset of an instability in the beam propagation at currents close to the -
limiting current. In an experiment the space charge wave was grown on a beam
having a current of 60% of the limiting value in the 2.8 cm tube. Following wave
growth the tube size was increased to 7.5 am in diameter. Measurements showed
that the wave phase velocity first decreased as the tube expanded and subsequently
increased in the latter half of the diverging section. Damage pattemns showed

zhat the beam had also expanded across the magnetic field lines. In these experi-
ments the guide field was relatively weak having a value of about 6 kG so that
some additional stabilization of the instability could probably have been obtained
with a stronger field. The measured velocities were consistent with the measured
bean size. '

The generation and control of the wave growth is well understood. In this
area we have measured the growth characteristics of the wave in the slow wave
section of the tube and found growth rates of about 5 dB/cavity. The bandwidth
of the signal was less than 40 Mz. Signals measured using pickup loops in the
slow wave structurs cavities showed well behaved wave trains. The growth rate of
the instability was controlled by the use of dissipative material in the cavities.
In these experiments we have reduced the growth rate to less than 1 dB/cavity by
inserting resistive sheets in the cavities. With resistive damping present or
absent we found that the signal was unsaturated after the end of the wave growth
section. In the experiments mentioned above we used six cavitiss. Continusd
signal growth has been observed with up to nine cavities.

Figure 3 shews drawings of representative waveforms obtained in our present
250 XV experiments. The signals represent the outputs of two crystal detected
signals from magnetic pick up loops, arranged to monitor the azimuthal magnetic
field as a functien of position along the drift tube. There is a ccrmon mode
rejection of greater than 13 dB of the electrostatic fields cf the pulse and wave.
The second pulse gives the signal from the second pick up lyop (a2 movable loop
prob2) and has been delayed by about 150 nsec from the first lcop output. The
third signal, which is delayed by a further 150 nsec, gives the interference signal
obtained from combining the two signals. This technique has only just been
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developed in our laboratory and has not yet been fully exploited under a variety :
of operating conditions. We have obtained a variety of beam characteristics

during the hundred nanosecond beam pulse. The details of the waveforms depend .
on the detailed operating conditions. These variations are useful allowing us

to monitor the change in the wave phase velocity corresponding to changes in the

beam current to limiting current ratio during the pulse. The present technique

will allow us to follow the evolution of the wave propagation during the pulse !
on a single shot basis. The system used has an approximate 500 MHz bandwidth.
Note in Fig. 3 that the detected waveforms show two peaks and that the first peak

Time(/usec)

Detector M T

Signal

Y

Fig. 3. Crystal detector outputs from two magnetic pickup loops located at differ-
ent axial positions in the drift tube. The first two peaks represent the pickup
signals and the third shows the interference pattern obtained by combining the twe
signals.

in each signal shows a destructive interference on combining the waveforms. In

contrast, there is scme reinforcement of the latter peak. The change in the
interference pattern during the pulse corresponds to a change in the wave phase
velocity as the net beam current changes during the pulse. A detailed analysis 3
of the time variations has not yet been performed.

An interesting and important development for the space charge wave accelerator
has arisen as a result of the study of the propagation of nonlinear solitons on a

cold electron beam. In the wave frame of reference the use of the conservation of
energy and particle flux in the Poisson equation gives l

v2e = dmer(r)v’l ; W+ed = (v- Dmc ..., (1)

where T'(r) and W are the particle flux and the electron energy. MNumerical solu-
tions of Eq. (1), for the case of a solid beam occupying 44% of the tube and for

an electron injection energy of 250 keV, have been obtained. Figure 4 shows a
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plot of the soliton velocity as a function of the perturbed potential on the
tube axis at the center of the soliton. The velocity is given in the laboratory
frame of reference and the potential well depth in the soliton is normalized to
the equilibrium radial potential well depth 2yt

For the three cases shown, ¢° has the values 160 XV, 177_kV and 185 kv,
respectively. The upper point in each of the curves corresponds to the amplitudes
at which the solitons break. As the amplitude of the wave is made larger the
soliton profile sha-pens, with the density profile spiking sharply close to the
breaking amplitude. The characteristic axial width of the potential well varies
with its amplitude and is somewhat less than the tube radius, close to the breaking

..

amplitude.

»3/% ._

0-4 L

03217

Y= 0-97 IL

%——bvsolilo?lc
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Fig. 3. Perturbad potential at r = 0, A% = 2(z = 0) - %(z = =)(vhere 2 = 0
corresponds to the peak of the soliton) normalized to the equilibrium radial well
depth %5, versus the soliton velocity in the laboratory frame. IL denotes the
limiting current.

The reduction in the velocity of the soliton as a function of its ampli-

tude is substantial and can even result in negative velocities when the beam
current is close to the limiting current. Althcugh these results are appropriate
to the propagation of a soliton it is not unreasonable to anticipate that similar
results apply for periodic wave solutions. This result is inmportant since it
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suggests the injector requirements for a space charge wave accelerator may be
considerably relaxed. Work is currently in progress on the amplitude effects on
the propagation velocity of periodic space charge waves. It should also be noted
that if large amplitude zero velocity periodic wave solutions exist then they may
be excited in a nonuniform region, such as the injector location. The equilibrium
would then be periodic rather than wniform.

IV. PROTON INJECTION INTO A SLOW SPACE (HARGE WAVE

We comment briefly here on the problems associated with the injectionm of a
proton pulse into a space charge wave accelerator. To achieve trapping it is
necessary to non-adiabatically inject the protons into the wave train. The
experimental procedure envisioned considers injection of the proton pulse through
a hollow cathode and subsequently growing the wave about the ion loaded beam. A
similar procedure would be required for staging of the accelerator. i.e., it may
be desirable to have several stages in an accelerator corresponding to given
ranges of the wave phase velocity. In either the initial injector or in transfer
between successive stages of an accelerator is necessary to transmit the acceler-
ated protons into the new generator section while dumping the majority of the
'used’ electrons. To test this concept we have injected a proton pulse from a
"Luce" diode through a hollow cathode into a wavegrowth section and examined the
effect of the ion loading on the wave growth. The proton pulse used had a maximum
energy of about 7.5 MeV, and at the highest energies an ion flux of about 5 x 109
protons/MeV. This number was substantially higher at lower energies. The sepa-
ration between the accelerator cathode tube (1.2 0.D., 0.6 cm I.D.) and the ancde
of the Luce diode was about 10 an. The Luce diode current was 25 kA at a beam
energy of 500 KkeV. Following the acceleration region the protcns entered the 0.6
cn diameter hole in the cathode. This pipe was approximately 25 cm lcng. The
cathode of the accelerator used for the wavegrowth was immersed in a strong axial
magnetic field of 12 kG so that the injected particles had also to cross the
fringing magnetic field lines prior to entering the diode which generated the
beam used for the wavegrowth. The combinaticn of the small pipe and the magnetic
field led to a reduction in the injected electren beam frem the Luce diode to less
than 50 A. The injected protons were monitored after propagation through a total
tube length of 1.7 m. The density of these protons compared to the electron beam
density was close to 1% in the wavegrowth rezgion. Wavegrowth was mcnitored by
a pick up lcop located in the fifth of the six cavities used for the wavegrowth.
In these preliminary experiments there was no detectable effect on the wavegrowth
or coherance due to the ion loading employed. It should be noted that the wave
pnase velocity was more than twice as large as the proton injecticn velocity so
that there was no possibility of trapping of the ions. First attempts to achisve
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trapping will be carried out in the future.

V. CONCLUSICNS

As stated previously the Cornell slow space charge wave accelerator study has

now reached the point where all of the required elements to test the scientific
feasibility have been tested, albeit not simultaneously for each of the required
parameters. The recent results on the soliton wave velocity are especially
encouraging in that they suggest there may be that a substantial relaxation in
the requirements for an injector into the wave accelerator. Present data suggests

e

that a reduction in the wave velocity may have been observed. With the cur-

rent development of the phase velocity measurement techniques giving results on
a single shot time resolved basis we now have the taechniques needed to explore
this effect further. Future work will be devoted to the study of wave amplitude
effects on the phase velocity and on attempting to achieve proton trapping in the
space charge wave train.

REFERENCES

1 ADLER, R., GAMMEL, G., NATION, J. A., READ, M. E., WILLIAMS, R., SPRANGLE, P.,
DROBOT, A., Proc. Second Int. Top. Conf. on High Power Electron and Ion Beam
Research and Technology, (Ithaca, New York, 1977), Vol. II, p. S509. -

2 GAMMEL, G., NATION, J. A., READ, M. E., accepted for publication in J. Appl.
Phys. also Cornell University Laboratory of Plasma Studies Report 262 (1/79).

3 ADLER, R., GAMMEL, G., NATICN, J. A., PROVIDAKES, G., WILLIAMS, R., Proc.
35rd Int. Top. Conf. on Collective Methods of Acceleration, (Laguna Beach,
California, 1978), also Cornell University Laboratory of Plasma Studies
Report 248 (7/73). '

4  ADLER, R., GAMMEL, G., IVERS, J., NATICON, J. A., PROVIDAXES, G., SERLIN, V.,

Particle Acceleration Conference, (San Francisco, California, 1979).

LUCE, J. S., Annals of the N.Y. Acad. of Sci. 25, 2171 (1975).

ADAMSKI, J., WeI, P., BEYMER, J., GUAY, R., COPELAND, R., Proc. Second Int.

Top. Conf. on High Power Electron and Ion Beam Research and Technology,

(Ithaca, New York, 1977), Vol. II, p. 497.

7  DESTLER,W., XIM, H., ZIORN, G., HOEBERLING, R., Proc. 3rd Int. Top. Conf. on

Collective Methods of Acceleration, (Lagima Beach, California, 1978).

8 ADLER, R., NATICON, J. A., accepted for publication in J. Appl. Phys. (1979)

also Cornell University Laboratory of Plasma Studies Report 255 (8/78).

PUTNAM, S., Phys. Rev. Letters 25, 1129 (1370). :

10  TSYTOVICH, V. N., KHODATAEV, K. V., Comments on Plasma Physics and Controlled

Fusion 3, 71 (1977).

—-—

|
'l
I
1
i




' FUTORY

[ S

Ciem o R o

COLLECTIVE ACCELERATION OF METALLIC IONS

Richard J. Adler and John A. Nation
Laboratory of Plasma Studies and

School of Electrical Engineering
Cornell University, Ithaca, New York

Preliminary results of collective acceleration of Aluminum and Iron
ions from metal foils are presented. Aluminum ions of up to 15 MeV have
been produced from a 0.6 MeV electron beam. Results also suggest that all

particle species accelerated reach the same velocity (4.03Sc)
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Experimental studies of Collective Ion Acceleration have been centered
on proton acceleration in relativistic electron beams. The primary objective
is to obtain a compact, high flux/MeV accelerator. A considerably smaller
effort has been devoted to the acceleration of other ions, although experi-
menters have reported the successful acceleration of Helium, Carbon, Nitrogen,
Argon, and Fluorine ions.l’2 There is currently interest in the acceleration
of heavy ions for pellet fusion applications and also for the development of
new intermediate energy ion sources for Nuclear Physics, Nuclear Chemistry,
and Medical applications.

The experiments previously reported have worked in two regimes:
acceleration in low pressure gases and acceleration in vacuum of ioms
generated from dielectric anodes. In the former case all of the ions
previously listed (except carbon and fluorine) have been accelerated and in
the latter, carbon and fluorine. The peak ion energies obtained were up to
about 15 times the beam energy for the low pressure gas case, and up to 7 MeV/
nucleon or 60 times the beam enérgy in the fluorine case.

We report in this letter first observations of collectively accelerated
ions (Aluminum and Iron) obtained from metaliic foils. The experimental
configuration used makes available many species previously inaccessible for
collective acceleration. The same technicue can clearly be used for the

. ) from positlve Ao des 3
production of higher current heavy ion beams at-geperater—enersies™ for
applications such as implantation.

The experimental configuration used is shown in Figure 1. The electron
beam is generated from a Blumlein transmission line operated at energies
of up to 600 keV. The inhomogeneous magnetic field configuration was developed

as a result of the desire to form the ions by reflexing the electrons many

times through the anode foil (7um Aluminum or 12y:m stainless steel) and yet
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still retain a field free region for the collective acceleration. Previous
experiments, using a heated foil to drive off hydrogen impurities, in a homo-

geneous field had been successful in generating and collectively accelerating

tnho~moaeneos

aluminum ions to about five times the beam injection energy. 1In thenfield

configuration used the electrons are confined radially by the external

magnetic fields, and axially by the formation of a virtual cathode, and so

must reflex through the foil. Fig. 2 shows a reproduction of the diode
current, voltage and the net beam current measured 15 cm downstream of the

anode. The voltage trace, which has been corrected for inductive effects,

shows a double peak structure characteristic of 'bootstrapping' in reflex
diodes.4 The magnetic field at the anode plane increases with radius, such
that the field at r=2 cm is almost twice that on axis. The field also
decreases rapidly with distance from the foil, dropping to half its value
at the anode plane in 1.5 cm.’

A variety of techniques were used to monitor the accelerated ions.
These included use of biased Faraday cups, dielectric track detectors,
Secondary Ion Mass Spectrumetry (SIMS), Nuclear Activation, and a magnetic
spectrometer to facilitate momentum analysis. The spectrometer configuration
used had a 7 cm long planar collimator located 63 cm from the anode plane.
The width of the slit was continuously variable from 0 to 13 mm and was

typically about 1.5 mm. Charged particles transmitted through the collimator

were deflected by a transverse magnetic field having a peak ‘alue of 13

Kilogauss. Dielectric track detectors were located 15 cm from the collimator
or, if the track detector was replaced by a Faraday cup, it was located 30 cm c j
from the collimator. The ratio of the particle charge to momentum was

established by monitoring the track displacements transverse to the magnetic

field and the plane of the collimator. Information regarding the energy of




the ions and their charge state was obtained by the use of mylar absorbers
of 0, 2, 4, 6, and 8 micron thickness located in front of the Lexan track
detector.5 The energy is determined from the range of Al ions in the mylar6
and the charge state is inferred from the maximum deflection of the ions
traversing any given foil. This identifies the velocity of those particles
and hence permits the determination of the highest charge to mass ratio
present. Experimentally, this yielded a mass/charge ratio of 14:3.5
corresponding to A1+2 or C+1 ions. The ion species accelerated and peak

ion energy were confirmed using a SIMS measurement. In this experiment the

accelerated ions were implanted into a Nickel target.

A typical SIMS result is shown in Fig. 3 for an aluminum anode foil.
The carbon ions are believed to be due to impurities in the system. The peak
Aluminum ion range in the Nickel is consistent with that found from the
track detector results. Faraday cup measurements show that the acceleration
of the highest energy ions commenced at the time of the dip in the voltage
pulse. The acceleration of protons in the system (arising from hydrocarbon

impurities) was investigated using the Clz(p,Y)N13 reactions in stacked mylar

foils. Results indicated that about 3 x 1012 protons were accelerated to energies

in excess of 470 keV and that less than 10% of these reached energies of 1 MeV.
. 65 65 : .

Failure to detect neutrons from the Cu ~(p,n)Zn = reaction confirmed that

there was no significant proton flux above 2.5 MeV. The proton contamination

and its effect on the accelerated aluminum ions was much smaller than expected

Pt a\u‘:ﬁ-ﬂ"" YN Vo

on the basis ofkresults in—-the homogeneous magnetic field system. In the

homogeneous field peak Aluminum ion energies of 2 to 5 times the beam energy

were obtained if the anode foil was preheated to drive off hydrocarton

. L. , . . . 12 .
impurities. We estimate an acceleration of about 6 x 10 ° Aluminum Ions,

Kinetis gncrg
in charge states +1 and +2, to energies in excess of the beam eurreat. Theése
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;¢ ions and their charge state was obtained by the use of mylar absorbers
£ 0, 2, 4, 6, and 8 micron thickness located in front of the Lexan track
ietector.S The energy is determined from the range of Al ions in the mylar6
and the charge state is inferred from the maximum deflection of the ions
traversing any given foil. This identifies the velocity of those particles
and hence permits the determination of the highest charge to mass ratio
present. Experimentally, this yielded a mass/charge ratio of 14%3.5
corresponding to Al+2 or C+l ions. The ion species accelerated and peak
ion energy were confirmed using a SIMS measurement. In this experiment the
accelerated ions were implanted into a Nickel target.

A typical SIMS result is shown in Fig. 3 for an aluminum anode foil.
The carbon ions are believed to be due to impurities in the system. The peak
Aluminum ion range in the Nickel is consistent with that found from the
track detector results. Faraday cup measurements show that the acceleration
of the highest energy ions commenced at the time of the dip in the voltage
pulse. The acceleration of protons in the system (arising from hydrocarbon

impurities) was investigated using the Clz(p,Y)N13 reactions in stacked mylar
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foils. Results indicated that about 3 x 10" protons were accelerated to energies

in excess of 470 keV and that less than 10% of these reached energies of 1 MeV.

Failure to detect neutrons from the Cués(p,n)Zn65 reaction confirmed that

there was no significant proton flux above 2.5 MeV. The proton contamination

and its effect on the accelerated aluminum ions was much smaller than expected'~

pPOse e} Lt %o
on the basis ofkfesults ia—-the homogeneous magnetic field system. In the

homogeneous field peak Aluminum ion energies of 2 to 5 times the beam energy
were obtained if the anode foil was preheated to drive off hydrocarbon
impurities, We estimate an acceleration of about 6 X 1012 Aluminum Iens,

Kinetic gp\era
in charge states +1 and +2, to energies in excess of the beam curzreat. These
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results are similar to those predicted by Ryutov7 who assumed a quasi-neutral

plasma expansion driven by the effective pressure of the reflexing electrons.
It is thought that the relatively low multiple of peak ion energy to

electron beam energy was associated with the strong (B > SkGauss) field con-
taining the beam, forcing early propagation, out of synchronism with the
neutralizing heavy ions. For this reason the inhomogeneous field configuration
described earlier was developed.

Heavy ion acceleration in the inhomogeneous field configuration described
earlier was extensively studied using aluminum anode foils. The best results
achieved to date were obtained at an axial magnetic field (at the anode plane)
of 3.2 kGauss. A peak in ion energy as a function of field is to be expected
since for weak fields no reflexing occurs, and at strong fields the electron
beam will be constrained by the magnetic field and the beam will be trans-
ported to the wall. At least four transits of the electrons through the foil
are needed to provide the aluminum ions.8 Fig, 2 indicates that about SO%h
of the electron beam traverses the inhomogeneous field. The net beam current
rises slowly reaching a peak well into the main pulse. The rise in the net
beam current shown in Fig. 2, corresponds, based on time of flight, to the
arrival of the highest energy ions at the Rogowski coil location.

The propagated current signals typically have a 30-60 nanosecond
exponential decay at the end of the diode current pulse. This requires a
fractional neutralization £ >-1/Y2, indicating that the number of neutralizing
ions is greater than 1013.

Peak Aluminum ion energies of 15 MeV (25 times the e beam encrgy) were
deternined from the ion range in the mylar foils. This result agrees with

the result obtained from the SIMS range measurement. Based on the Faraday
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cup signals we estimate that approximately 6 x 1012 aluminum ions were accelerated
to energies in excess of the beam energy and from the stacked mylar foil
observations, that about 1010 had energies in excess of 9 MeV.

The peak in track density, its lateral displacement, and its variation
with absorber thickness indicates an average Aluminum ion energy of ~2.5 MeV
with charge state +1. The SIMS results show the aluminum ions have greater

ranges and energies than the carbon ions, and a limit on the proton energy

has been established by activation. Within the limits of accuracy of the

data available, all three ions species travel at essentially the same peak
velocity, ~109 cm/sec. In the inhomogeneous field configuration proton con-
tamination was not a major problem and ion acceleration was not degraded if
the anode foil was unheated.

Preliminary SIMS results using a stainless steel anode show the success-
ful acceleration of Iron ions to energies of several MeV. Track detection._
in Mica (which does not form tracks for ions having a mass less than 28 a.m.u.)5
gives results consistent with the SIMS.

The results place several constraints on the acceleration mechanism.

The similar H+, C+, and Al++ ion velocities indicate a moving well as the
dominant mechanism. Two dimension flow effects were apparently important.

In addition, due to the slow beam front velocities, we can rule out inductive
field effects as being dominant in the acceleration.

The technique employed in these experiments has not yet been optimized,
nor has it been applied to many different metallic foils. It shows con-

siderable promise as a method for the generation and/or acceleration of many

ion species.
The results of this experiment alsoc have implications for conventional l

reflex triodes., In particular, one drawback of the triode is that ions are




produced in a strong magnetic field. This need not be the case with the

inhomogeneous field system shown in Fig. 1. For an appropriately designed,
large area triode, a ratio of anode field on axis to confining field on the
boundary of 5 should be easily achievable.

The authors would like to thank George Ramsaer for performing the

SIMS analysis, Jim Ivers and Frank Redder for technical and design assis-
tance. One of the authors (R.J.A) would like to thank the National Research 5
Council of Canada for providing a postgraduate scholarship during the

course of this work. This work was supported by AFOSR and BMDATC.
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Figure Captions

Fig. 1. Schematic showing the experimental arrangement for the collective
ion accelerator, and for the diagnostics used.

Fig. 2. Traces of diode voltage (corrected for inductive effects), diode
current and the net beam current.

Fig. 3. SIMS analysis. The ordinate gives the detected counts appropriate
to the ion designated. The vertical dashed line indicates the
probable location of the Nickel surface. The 16 MeV ion energy
is calculated for the range of 2.9 micron beyond the surface shown.
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HIGH-POWER ELECTRON AND ION BEAM GENERATION
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In this review we present an introduction to and summary of high-power electron and ion-beam technology. The research
areas covered are diverse and have not all been previously summarized in a review. An effort has been made to include
unpublished data on dielectric strengths and breakdown times in sufficient detail to be useful. Descriptions are presented of
the essential machine components and their limitations from the design viewpoint. The physics of the electron and ion beam
generating diodes are given, together with a summary of achieved beam characteristics. The review concludes with a brief
summary of progress in the study of the collective ion acceleration. which may occur in high-current electron beams.

L. INTRODUCTION

There has been a rapid development since the early
1960’s of new pulsed-power sources. These sources
range from small 500-kV, 70-kA generators to large
multi-terawatt sources such as the Aurora generator
at the Harry Diamond Laboratories (14 MV, 1.6
MA). These generators, which were developed as
devices for materials testing and as x-ray sources,
typically produce high-power pulses for times of
about 50~100 nsec. The generators, which can be
operated in either polarity, have recently been
utilized for a variety of other applications including
controlled thermonuclear fusion,'® and microwave
generation.”® In this review we shall describe the
general characteristics of these beam devices, in-
cluding the production of high-energy ion beams by
collective processes,”'' but will not discuss ap-
plications other than to indicate the requirements
they set on machine characteristics.

In the following sections we shall discuss the basic
machine technology and illustrate this with ref-
erence to specific devices. The machines which have
been constructed consist of three or more essential
elements, an energy-storage device such as a Marx
generator, a pulse-forming network, and a diode
used for beam generation. The pulse line provides a
fast-rise, short-duration pulse which is applied to the
vacuum diode. The detailed design of the diode
depends on whether the generator is to be operated
in positive or negative polarity. For use as an ion-
beam source it is necessary to suppress the electron
flow, or at least to make the resistance to electron
flow across the diode comparable to that for protons.

We shall discuss the different configurations used
for electron and ion beam generation and their
relative efficiencies. In recent experiments ion
beams have been generated at power levels ap-
proaching a terawatt.

Most of the work carried out to date has been
aimed at producing ultra-high power electron beams
at low impedance levels (& | ohm). Although multi-
terrawatt generators such as the Aurora machine
(see Table I) have also been built, relatively little
effort has been devoted to the production of mod-
ular, moderate-impedance, high-power, high-
voltage pulses. A specific method of pulsed-power
technology which has addressed this problem is the
induction linac. In this device conventional pulsed-
power systems are used to feed an inductive load. A
particle beam in parallel with the ferrite load is
accelerated by a changing magnetic field. Although
little development has occurred in these systems in
the last several years, the principle has been tested
with the successful acceleration of several hundred
amperes of electrons through a multi-stage system.
This type of accelerator is currently being assessed
as a 10-kA source of high-energy (50-MeV) elec-
trons. and as an accelerator for use in heavy-ion
fusion applications.

Since this review is concerned with the current
research in high-power electron and ion acceler-
ators, it is also appropriate to examine the present
status of collective-ion acceleration in intense rela-
tivistic electron beams. There has been some re-
surgence of interest in this field in the last few years.
as electron-beam technology has advanced. and
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several groups are actively engaged in investigations
of collective-acceleration processes. At present,
most of the research has been concerned with the ion
acceleration which can occur as the head of an
electron beam propagates into a neutral gas, or into
vacuum through a dielectric window. The most
encouraging results show that proton energies of up
to about 22 times the electron-beam energy have
been achieved. There are also more recent efforts at
controlled collective acceleration using either a
wave train for the trapping and subsequent accel-
eration of the ions or an accelerating solitary wave.
The present status of this work will also be ex-
amined.

II. MACHINE TECHNOLOGY

A. Introduction

High pulsed-power systems development was in-
itiated at the Atomic Weapons Research Estab-
lishment in England in 1962. At that time, J. C.
Martin successfully combined existing Marx-
generator technology, which could be used to gen-
erate megavolt pulses with rise times of the order of
microseconds, with transmission-line systems to
produce short (== 50 nsec) duration, high-power
pulses. This process required the solution to a
number of technological problems ranging from
interfacing compact Marx generators with pulse-
forming lines to fast-switch development and fin-
ally to the coupling of sub-microsecond puises from
the pulse lines to vacuum diodes for the generation
of high-power electron beams. Since that time, the
development of this technology has proceeded rap-
idly to the point where multi-terawatt electron-beam
generators are now available. The final system
depends considerably on the application of the high-
power pulse. Pellet fusion systems using electron or
proton beams require pulse powers approaching
10 watts at beam energies in the range of one to ten
mega-electron volts.'? In contrast to this, heavy-ion
fusion systems require a beam energy of about 10-
100 GeV in a 100-terawatt system."” Other applica-
tions, such as the generation of electron and ion rings
for magnetic confinement of a fusion plasma.'* show
that higher energy beams will be needed than are
required for electron-pellet fusion. Similarly flash x-
ray sources may require, for maximum x-ray yield,
higher-voltage operation to capitalize on the fact
that the x-ray yield depends on the cube of the beam
energy. For application to microwave generation,

high-impedance machines are required, since these
devices typically operate in vacuum where the
electron-beam current is limited by space-charge
considerations."*"” In summary, we find that the
various applications of pulsed-power technology
lead to beam requirements ranging from sub-ohm
impedance, multi-terawatt systems to relatively
modest megavolt generators having impedances of
several hundred ohms. Table I lists the character-
istics of several multi-terawatt generators. The basic
technology of each of these generators is essentially
identical. The development from the work of J. C.
Martin and his group has occurred in a number of
laboratories throughout the world and includes
major programs in the U.S.A. and the U.S.S.R. In
this paper we shall utilize developments in the
U.S.A. to characterize machine systems. The study
and development of the pulsed-power systems in the
U.S.A. has occurred at several laboratories, in-
cluding Cornell University, lon Physics Co., Max-
well Laboratories, Naval Research Laboratories,
Physics International Co., and Sandia Laboratories.

Figure 1+ shows a block diagram illustrating the
principal components of a pulse generator. A Marx
generator is used to impulse charge a pulse-forming
line to high voltage. Charging is usually accom-
plished in less than a microsecond, so that the Marx
must have a low inductance. The pulsed line is
usually a Blumlein transmission line; it employs a
water dielectric for low-impedance, moderate-
voltage applications, or oil for high voltage use. The
Blumlein has the advantage over a simple coaxial
pulse line that it is capable of delivering the full
charging voltage to a matched load. As shown in the
figure, a transmission line couples the vacuum diode
to the Blumlein. In some applications. the coupling
line may also serve as a transformer to increase or
decrease the characteristic impedance of the pulse.
The vacuum diode is coupled to the electron-beam
generation region through a solid-dielectric inter-
face which may consist of a stacked, graded axial-
ring assembly or a lower-inductance radial insu-
lator. In pellet-fusion applications, an additional
section is needed to provide the high (2 10" W/cm?)
power densities required. This is provided by sev-
eral long runs of magnetically insulated transmis-
sion line. We now discuss each of these components
in more detail.

t Pulsed-power systems using Van de Graaff generators are
also in use. They are less common, however, than the Marx
Generator, pulse-line systems. and also less flexible. They do
provide extremely stable sources with excellent repetition char-
acteristics. They will not be discussed in this review.
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TABLE 1
Output characteristics of some multi-terawatt generators
Pulse

Machine name Voltage (MV) Current (MA) duration (nsec) Power (TW)

Aurora 14 1.6 120 22

Hermes II 10 0.1 80 1

Proto I1 1.5 6.0 24 9

Gambile I1 1.0 1.0 50 1

Blackjack 13 1.1 50 1.4

Owl 1.5 0.75 110 1.2
Marx Pulse Transmission Vacuum Electron or Ion

. . . |
Generator Forming| | Line Feed Diode Beam
Network

FIGURE 1 Block diagram of a typical high power pulse generator.

B Marx Generators

A simplified schematic of a section of a Marx
generator is given in Fig. 2. In the configuration
shown, we have illustrated an » =2 Marx. This
arrangement is capable of erection, following the
triggering of at least the first gap, at voltages
approaching half the self-breakdown voltage of each
individual gap. This configuration has been success-
fully used for the construction of a number of Marx
generators with energies in the range of 100 kJ.

The system consists of a series of capacitors C,
charged in parallel through the charging lines and
ground returns. The system has stray capacitance C,
across each spark gap and is arranged so that there is
a large C. (compared to C,) capacitance across
every two spark gaps. To illustrate the rationale for
the design, we consider the situation prevailing at the
point A4 in the column. We assume that the previous
(p-1) spark gaps have closed so that the potential at
the point 4 is pV,, where V, is the charging voltage of
each of the Marx capacitors. After erection of the
column to the point A, the gap capacitor C, and the
coupling capacitor C, act a voltage divider and the
potential at the point B is

Ve=(@=2)V,+2V, ¢3)]

CR
C,+C.~

Hence the potential difference across the gap V, is

Vo= =05 )

The coupling capacitor discharges through the
charging resistor in a time of order RC, and leaves
the potential difference across the gap at twice the
capacitor charging voltage, i.e., V', = 2V,. The fact
that the gap potential difference tends to 2V} is
characteristic of the n = 2 Marx configuration, in
which the coupling capacitors C. are made large
across every two spark gaps, and Because the
charging and ground-return resistors also straddle
two gaps. In an n = 3 configuration, the charging
resistors couple three spark gaps and coupling
capacitors C, are made large across every third gap.
For an n = 3 Marx, the gap voltage approaches 3V,
when the preceding two gaps have been triggered,
and the Marx can erect, after triggering of the early
gaps, with voltages of down to about one third of the
self-break voltage of the individual gaps.

The high-n Marx configurations are relatively
free from self-breakdown problems, but tend to erect
more slowly than less complex configurations. It is
not aiways best to use self-erecting Marx generators
and in some cases it is preferable to trigger all the
spark gaps. In such cases, trigger gaps may be
coupled using a similar configuration in the trigger
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FIGURE 2 Simplified schematic of self triggered n = 2 Marx
generator.

leads to that used for the charging columns and
coupling capacitors in the self-erecting Marx. The
use of plus-minus charging of alternate capacitors
also enables one to reduce the number of switches
required by a factor of two.

In most generators built, the charging and trigger
resistors are made from copper-sulfate solution in
flexible plastic tubing. These resistors are capable of
high power dissipation and are also flexible enough
that they can be contoured to suit the electrical
stressing requirements of the generator.

In some large electron-beam generators designed
to operate at low impedance, multiple Marx genera-
tors have been used as storage elements. For ex-
ample, in the Proto II'® generator at Sandia Lab-
oratories, eight 112-kJ Marx generators are used in
parallel to charge the fast line sections. This pro-
vides a lower-inductance and a faster rise-time
system than could be achieved with a single large
generator. Each Marx generator in this case consists
of 32 0.7-uF, 100-kV capacitors. The equivalent
circuit of the erected Marx generator has an output
capacitance of 22 nF in series with an inductance of
about 7 pH. The Marx has a series resistance of
about 3 ohms and is shunted by 560 ohms.

One of the largest generators built to date, the
Aurora facility,'” has four Marx generators, each of
which contains a 95 stage Marx generator with each
stage consisting of four 1.85-uF, 60-kV capacitors
wired as a 1.85-uF, 120-kV unit. The total energy
storage in the generator is S MJ. The generator is a
so-called hybrid Marx in which the coupling stray
capacitors, and resistively coupled triggers are the
dominant components in determining the column
erection. The illustration of Fig. 2 shows an RC-
coupled, self-erecting Marx.

A very low inductance variation of the Marx
generator has been developed by Fitch and How-
ell.® This is called an LC Marx Generator and is
shown in Fig. 3. In this configuration, alternate
capacitors are charged with opposite polarities. On
closing the switches, the column erects, reaching
peak voltage in the half period of the resonant
circuits. This circuit may be constructed with a low
inductance, but is also prone to several different fault
modes of operation, where, for example, not all of
the gaps close at the proper time. Such faults may
result in over-stressing, or ringing, of individual
elements.

We conclude our discussicn of Marx generators
by noting that in certain applications the Marx
generator has been directly coupled to a vacuum
diode and has been used to produce a long-duration
particle beam.*'?? Beam durations of a few micro-
seconds have been achieved and have been used for
microwave generation and for electron and ion-
beam production for plasma heating and contain-
ment systems. In this mode of operation. the beam
rise time is much slower than that found with pulse
lines and the generator impedance is relatively high,
typically of the order of several tens of ohms. The
shape of the pulse depends on the application but, if
required. can be controlled using one or more stages
of output filtering to give a ‘square’ pulse while

T T ST

PR



HIGH-POWER ELECTRON AND ION BEAM GENERATION 5

— Output

" i -
SWITCH = CO

f =

R

[ o |

*

SWITCH-~  __|

T

_

FIGURE 3 Simplified schematic of a four stage LC Marx
generator. The capacitors are charged as shown. For simplicity
the charging and triggering currents have been omitted.

maintaining an efficient transfer of energy from the
primary Marx store to the beam.

C. Pulse-Forming Network

Marx generators are primary energy stores which
can be used to energize a fast pulse-forming section
in a time of order one microsecond. The fast section
or pulse-forming network essentially consists of a
transmission line that is charged from the Marx
generator as a lumped capacitor, and is discharged in
the transmission-line mode. The output pulse is fed
to a vacuum diode which is used to generate the

particle beam. The fast section typically produces
an order of magnitude decrease in the pulse duration
and a corresponding increase in the power output.
Figure 4 shows schematically a Blumlein trans-
mission-line system. This circuit, which was devised
by A. D. Blumlein,”* enables one to produce an
output pulse into a matched load equal to the original
charging voltage of the line. This is, of course, in
contrast to the simple pulse line which delivers half
of the charging voltage across a matched load.

In many instances, the Blumlein circuit consists of
three coaxial cylinders with the intermediate cylin-
der charged from the Marx generator. There are also
a number of refinements of this basic circuit which
may be used to enhance the triggering capability or
to modify the output characteristics. We shall dis-
cuss the basic principles first and subsequently
outline specific modifications necessary for the
special applications.

The intermediate conductor of the coaxial Blum-
lein is charged from the Marx generator in a time of
the order of or less than one microsecond. Typical
dielectrics used to insulate the conductors are de-
ionized water or transformer oil. The RC discharge
time for 10* dm water in cylindrical geometry is pe
~ 7 usec. Hence, submicrosecond charging times
are adequate. The insulating interfaces are com-
monly made of lucite or some other plastic. These
interfaces may also serve as supports for the con-
ductors. The center conductor of the Blumlein is
electrically connected to the outer grounded cylin-
der by a few microhenry inductor. The inductor
ideally acts as a short circuit during the 1-usec
charging of the line and as an open circuit, compared
to the characteristic impedance of the line, on the
output-pulse duration time scale. The output im-
pedance of the generator is equal to the sum of the
characteristic impedances of the separate coaxial
sections. The matched load impedance is therefore
equal to the characteristic impedance of the section
of coaxial line separating the Blumlein section from
the load. This latter section is also helpful in
reducing the prepulse voltage, which appears across
the diode gap during the charging cycle. due to the
unequai charging rates of the two halves of the
Blumlein. The prepuise may be further reduced by
the addition of a gas prepulse-suppression switch
prior to the diode. Provided that the switch has a low
capacitance compared to the diode assembly plus
the feed section on the diode side of the switch, the
switch will capacitively divide any prepulse voltage
according to the capacitance distribution. As shown
in the figure, the line is switched at one end and left
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FIGURE 4 a) Blumlein transmission line. The line is charged to voltage Vj on either side of the load, which in a matched
configuration will have an impedance of 2Z, twice the characteristic impedance of either section of the line. b) Cylindrical

Blumlein transmission line.

open-circuit at the other. The load is located in the
center (Fig. 4a) of the pulse-line system. The switch
may be either a self-breaking liquid or gas switchora
triggered switch.

Almost all Blumlein configurations constructed to
date have the geometry shown in Fig. 4b. In some
cases, however, epecially where there is a need to
synchronize the firing of many separate Blumleins,
it may be useful to use the configuration sketched in
Fig. 5, in which the switch is readily accessible. The
high-voltage connection to the intermediate con-
ductor is, however, less accessible. This latter
configuration has been used in the Berkeley elec-
tron-ring accelerator pulse lines. It is electrically
equivalent to the configuration illustrated in Fig. 4.
Accounts describing the design and characteristics
of several generators may be found in Refs. 24-34,

We now discuss some of the properties of different
dielectrics and of different switching systems used in

high-power pulse lines. Most of this data is based on
the unpublished work of J. C. Martin®™ of Al-
dermaston.

D. Breakdown Characteristics of Insulators

We consider in this section the insulation properties
of the common dielectrics used in pulse-forming
networks. In cylindrical lines of the form previousty
described, the most commonly used dielectrics are
water and transformer oil. Due to its high dielectric
constant (e, = 81 at frequencies up to about 3 GHz),
water provides a useful high energy-density storage
medium, capable of storing energy at a density of
about 160 kJ/m’. In addition, the velocity of prop-
agation of an electromagnetic wave through the
water is ¢/9, so that water pulse-forming lines may
be quite compact (~ 1 mlong for a 50-nsec pulse). In
contrast, the dielectric constant of oil is about 2.4, so
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that a 50-nsec Blumlein system would have a length
of approximately 5.5 m. Qil may be used to store
energy at a density of about 18 kJ/m®.

J. C. Martin has shown that the dielectric strength
of these liquids in uniform fields obeys a relation of
the form

EBDII/J Al/10= k, (3)

where Ez;, is the breakdown electric-field strength of
the liquid, A the electrode area and ¢ the effective
(submicrosecond) time duration of the high voltage.
To compensate for rise time effects, in determining ¢
we use only the time that the applied electric field
exceeds 63% of its breakdown value. The constant k
is polarity-dependent (denoted by the subscripts +
and —). In mks units, k has the values given in Table
II. Note that in water the breakdown is mainly
determined by the positive-polarity electrode. For
microsecond charging pulses, the breakdown
strengths are about 15 MV/m for water and 25
MV/m for oil, where an electrode area of 0.1 m? has
been assumed.

For short-duration (7-30 nsec), sub-megavolt
pulses, VanDevender and Martin*® have shown that
the electric field at breakdown may be almost twice
as large as predicted by Eq. (3). This result is
important for electron-beam pellet-fusion systems,
where the breakdown strength determines the cur-
rent-handling capability of a vacuum diode [(Eq.
(14)]. The breakdown field for these short-duration
pulses is given by

_ 1.6 x10°d°%

t0.39 AOAOG

Egp 4)

In this case, as will be presented later for asymmetric
electrode breakdown, it is not possible to describe
the breakdown process without including an elec-
trode separation factor d.

For the coaxial Blumlein configurations shown in
Figs. 4 and S, the electric field most likely to lead to
breakdown is at the surface of the center conductor
and has a value given by

W\ & Z
E(q) = M -r&ee 5
(a) 00 (5)

where V is the charging voltage, €, the relative
permittivity of the dielectric and Z,, the character-
istic impedance of the coaxial section between the
intermediate and center conductors. The breakdown
criterion in water for electron-beam operation, i.e.,
in the negative-charge mode, is relatively worse than
the positive-charge mode due to the polarity dif-

TABLE 11

Values of constants k., and k_ used in determining
the breakdown strength of water and oil

k. k_
Oil 2.0 X 10° 2.0 X 10%
Water 1.2 X 10° 2.4 X 105




ference between the constants k. Following the
closure of the switch, the center conductor becomes
negative and is usually the most strongly stressed
electrode. Due, however, to the short pulse duration
compared with the charging time, the permitted
electric field at the high-voltage conductor is much
greater than that allowed during the charging phase.

In positive-polarity operation (i.e., for the gen-
eration of proton beams), the intermediate con-
ductor has the greatest stress during the charging
cycle, although the stressing obtained is weaker, due
to the larger radius of the intermediate conductor. If
amachine is required for use in both the electron and
ion beam modes, then it may be a useful compromise
to work with a system in which Z.,/Z,, = b/a.

In a coaxial system, the electric-field vanation, at
fixed potential difference between the conductors.
has the form

E(r) = V_. (6)

r ]n(%)

where the outer conductor radius has been taken asc
meters. [tis straightforward to show that the electric
field at radius  is a minimum when the logarithmic
factor is unity. This result leads naturally to a
preferred impedance range for a given dielectric.
Water lines operate typically around 7 ohms,
whereas oil is characteristically used in higher
voltage applications at impedances of about 35
ohms.

A number of pulse-forming networks have utilized
strip transmission lines for the fast section of the
beam generator. In such a device, it is often possible
to use a solid dielectric insulator such as Mylar. For
uniform-field configurations, the breakdown field
strength is volume-dependent, but essentially time-
independent:

EBD (V)I/lO = k’ (7)

where the constant & has a value of about 7.5 X 10’
in mks units. The volume (V") dependence in the
above relation and the area dependence in Eq. (3)
for the breakdown of liquids are very similar. In the
solid case, the volume is relevant since breakdown
may originate anywhere in the insulating volume. In
contrast, breakdown usually commences on the
surface of a liquid. The exponents in both cases
reflect the fact that the breakdown strength of a
sample (liquid or solid) has intrinsic scatter cor-
responding to a standard deviation of about 10%.
The mean value of the breakdown field strength is

JOHN A. NATION

then sample-size dependentt and for the quoted
standard deviation corresponds to a 1/10th power of
the sample size. In gases, the intrinsic spread in the
breakdown strength is an order of magnitude less
and there is no significant volume effect, except in
the largest of the Van de Graaff machines. The solid-
dielectric systems employing plastic insulating
sheets may be stressed to fields approaching 300
MV /m and are capable of storing energy atdensities
of greater than 1 MJ/m?, We note in passing that the
electric-field strength close to the edge of a strip-line
conductor may be substantially greater than the
average value between the plates. The stressing is
usually relieved and the air voids between the
dielectric sheets filled by immersing the whole line
in a weakly conducting copper-sulfate solution. The
solution serves as part of an RC network giving an
effective radius of a few mm to the otherwise-sharp
conductor boundaries.

The switching of a charged Blumlein into a load
requires the reliable firing of a normally insulating
gap. That is, we are interested in obtaining a failure
of the insulation properties of the dielectric at a
prescribed location, and at a predetermined time or
voltage. This has been achieved by either using the
self-breakdown of gaps or by deliberate triggering of
the system. We deal in this review with the self-
triggering situation. The breakdown of a switch
follows similar laws to those given earlier for the
breakdown of dielectric in a uniform field. In this
case, however, breakdown is desired at a prede-
termined level and location. This is achieved by
using nonuniform field configurations where the
breakdown is required. Consider, for example, the
self-breakdown of a Blumlein switch constructed of
the same dielectric as is used to insulate the line.
Table III gives phenomenological relations de-
scribing the breakdown characteristics for an edge-
plane gap. As in the uniform field, there is a polarity
effect, which for water continues to exhibit the
preferential breakdown from the positive edge. At
submegavolt voltages the oil breakdown is domin-
ated by the negative edge. The breakdown fieids
given correspond to the average electric field across
the gap and are typically in the range of about half
the breakdown field strengths for the uniform gap

+ The breakdown probability of a dielectric follows a Weibull
distribution. Volume or area cffects in determining dielectric
strengths may be inferred from a knowledge of the breakdown
statistics of a single (fixed volume or area) sample. For example,
N successive stressings of a volume V' is equivalent to a single
stressing of a volume N
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TABLE 111

Relationships describing the average electric field causing breakdown between an edge
and a plane in water and oil. d is the gap between the electrodes and ¢ is the time the field
exceeds 63% of the breakdown field.

Negative edge

Positive edge

Water (0.1 <
Water (1.0 <
Oil (0.1 <V

<V

4
v
<
Qil (1.0 <

<1OMV) Egp®9'd®® = 1160  Epp083d7067 = 610
<30 MV) EBDIO'S =13X ]()4 EBDIO'A = 438 X 104 )
1.0 MV) Eppt®78a%22 = 50 Eppt®Sa94% = 400 :
5.0 MV) Egpt®63d022 = 392

EBD(O.()}dO.ZZ =392

stressing. The relatively rapid variation of the break-
down strength with time for the water case has been
utilized in the development of fast low-jitter switches
for the triggering of low-impedance, short-duration
pulses. For short-duration charging times and rap-
idly rising pulses, standard deviations in gap trig-
gering of 2 to 3% have been obtained. An important
additional benefit is that the gaps break down
simultaneously in multiple channels, leading to very
low-inductance switches. The multiple breakdown
can only occur when the channels are transit-time
isolated.

The self-breaking of water switches has, for
example, been used in the development of the
multiple-source generator, Proto II. To achieve the
multiple firing with sufficiently low jitter, the Marx
generators are used to charge water-dielectric stor-
age capacitors. These capacitors are switched, via
triggered SF; gaps, into a water transmission line in
about 300 nsec. The lines self-break, in over 100
channels each, transferring their energy into the
feeds to the load. The intermediate capacitor and the
water line both act to speed up the energy transfer
time and hence permit consistent low-jitter firing of
the final gaps. The charging time of the lines using
this sequencing is a factor of three faster than could
be achieved using the Marx generators alone, and
the jitter in the firing an order of magnitude lower
than could be obtained otherwise. The water trans-
fer capacitor system has also been used in a number
of other pulse-line facilities to enhance trigger re-
producibility and also to reduce the trigger in-
ductance. The latter effect arises due to the closure
of multiple switching channels in the rapid-charging
configuration.

Gas switching is in common use in a number of
pulse-line systems, especially in cases where the line
impedance is moderately high (several ohms or
greater). Four gases are in common use in switch
applications (or for insulation in low-voltage Marx
generators). They are air, nitrogen, freon, or sulfur

hexafluoride. In uniform fields, the breakdown of air
or nitrogen has been shown to satisfy the relation

1 bl
- = P
Ey= F [24.6p +210 (=) ), ®)

where p is the pressure, and all quantities are given in
mks units. The breakdown of sulfur hexafluoride or
freon occurs at fields approximately two and a half
and five times greater than that given above. Note
that freon is not the preferred gas in switches
because carbon is formed during discharges in freon.
In the above relationship, the distance d.;defines an
effective gap separation for the electrodes and F
represents a field enhancement factor for the switch
geometry. In planar geometry d,; equals the actual
electrode separation and F is unity. Values of F have
been given by Alston for cylindrical and spherical
electrodes. Table TV defines d,; and F for a gap with
a spacing equal to the electrode diameter (d). Values
of d.w/d and F are given for other aspect ratios by
Alston.*’

Since avalanche breakdown and streamer for-
mation in gaps take a finite time to develop, it is
possible to apply greater stress across gaps for ultra-
short pulse durations (< 10 nsec). The time de-
pendence for the breakdown of asymmetric gaps,
such as point-plane. has a polarity effect which may
be adequately described by a relation of the form

k. p"
= = 9
(dt)”b ®

BD

TABLE IV
Effective gap length and field enhancement factors
for typical switch geometries

Electrode shape dyy/d F
Cylinders 0.115 1.3
Spheres 0.057 1.8
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TABLE V

Values of the constants used in Eq. (9) for the determination of
the time dependence of the breakdown of gas switches

Sulfur
Air Freon Hexafluoride
k4 1.02 16.7 20.4
k_ 1.02 27.8 33.4
n 0.6 0.4 0.4

where the constants kX and  have the values given in
Table V. In a similar manner to the previous case for
the breakdown of a solid or liquid, the time factor
allows for the relatively unimportant low-voltage
part of the applied voitage pulse by taking ¢ as the
time the voltage exceeds 89% of the breakdown
voltage. E 5, is the average field across the gap. The
relations for gas breakdown are limited to pressures
of less than about five atmospheres, although in the
case of sulfur hexafluoride they apply up to about
ten atmospheres; the relations were also obtained
with gap lengths greaier than about 10 cm.

The performance of a switch is determined not
only by its breakdown characteristics but aiso by its
rise time. This is controlled by two factors, the
switch inductance and the drop in resistance of the
channel due to its expansion associated with ohmic
plasma heating. The relative importance of these
terms depends on the detailed switch conditions.
The time for the inductive-current rise in a circuit or
the voltage fall across a switch having an inductance
L and being driven by a circuit having an impedance
Zis

T == 10
L= (10)

The corresponding term for the resistive phase has
been shown to be

7.8 p"

TR_

(11)

Note that these are e-folding times for the switch and
that the actual 10~90% rise time is not simply
related to the above times when the individual time
constants t; and 7, are comparable.

In low-impedance machines, where the rise-
time effects may limit the useful pulse duration, ¥ it

+The switch rise time will be, for a given line impedance Z,
greater in the geometry shown in Fig. 5. than for the arrangement
in Fig. 4b. The arrangement in Fig. 4b may be preferable in low-
impedance lines.

is sometimes more useful to switch the pulse-
forming network at higher impedance, and then
transform the impedance to the lower value required
using a tapered transmission line. Figure 6 shows
schematically a pulse-line transformer. If Z, and Z;
represent the output and input impedances of the
tapered section, then the output characteristics are
related to the input parameters by the relations

v, I Zy©
Pl w

These relations assume that the change in line
impedance is adiabatic, and that the tapered section
has a length comparable to or greater than the length
of the pulse. A step-down transformer has been used
in the Naval Research Laboratory (NRL) generator
Gamble II*° to minimize the pulse rise time. Step-up
transformers have been used, for example, on the
VEBA facility at NRL* and on pulse lines at
Cornell University. The radially converging feeds
described previously in the Proto II generator'® are
also transformers.

E. Beam Diodes

In the previous sections we have outlined design
criteria for the production of short-duration high-
power pulses. To convert these pulses to particle
beams requires the use of a high-voltage, low-
inductance diode. Two diode arrangements are
illustrated in Fig. 7. In the first of these figures we
show a stacked-ring insulator in which the Iucite
insulating rings are alternated with annular alum-
inum discs. The lucite insulators are typically cut, on
the vacuum side, at 45° to the axis of the diode and
arranged so that electrons leaving the surface of the
dielectric do not hit the plastic, causing secondary
emission and a subsequent breakdown. The alum-
inum disks serve as grading rings. distributing the
diode voltage uniformly along the length of the
insulator. If the surrounding dielectric is water, this
grading of the fields may be very effective. For oil
insulation, the ring-to-ring capacitance is reduced
and the field distribution is less uniform. In this case,
the rings still serve the purpose of breaking the path
of any incipient surface flashover. This type of diode
has been satisfactorily used for a variety of electron-
beam machines and can be safely stressed to about
150 kV/cm. A variation on the design is shown in
Fig. 8. This variant is in use as a double-diode
system for pellet-fusion applications. In such ap-
plication, a very low diode inductance is required
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FIGURE 6 Section of a coaxial transformer. The line impedance varies adiabatically along the length of the
system from Z; at the input to Z, at the output.
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FIGURE 8 Two-sided diode used in pellet fusion experiments. High current electron beams emitted from the annular
cathodes self pinch to the axis of the system. The system is fed from both sides by two similar transmission line systems.

and is achievel, using the geometry shown, with
electron-beam emission occurring at large radii,
close to the insulator rings. It is worth noting that the
limiting electric-field stress at the diode rings,
coupled with the radius of the rings, leads to a
limitation on the generator current delivered to the
load. In a uniform strip transmission line, the cur-
rent flow per unit width of the line is given by
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For the lucite-ring assembly illustrated in the pre-
vious figure, the current capability of a two-sided 1-
m radius diode, at a safe maximum stress, is about
0.75 MA, corresponding to a power flow density of
about 0.1 GW/cm?>. The total power flux into the
diode is too small for pellet-fusion applications'? and
it is necessary to go to magnetically insulated feeds
to increase the power flow to the target. A promising
approach to this problem is under investigation in
both the U.S.A. and the U.S.S.R. It employs
magnetic insulation of transmission lines.***' This
will be briefly indicated later, following the discus-
sion of ion-beam generation.

A second diode configuration using a single
insulating structure without grading has been ex-
tensively used at NRL and in other laboratories.”"'
The insulator configuration is illustrated in Fig. 7b.
In this design, considerable effort is devoted to
forming the electric-field lines at large angles to the
dielectric interface, so that any electron emitted
cannot hit the insulator surface. Design figures of
315 kV/cm have been quoted for flashover on lucite
at large angles, and the VEBA machine at Naval
Research Laboratories has been operated at max-
imum field stresses of about 220 kV/cm. In addition
to requiring that the electric-field lines make a large
angle to the plastic interface, care is also taken to
ensure that triple points, such as that occurring at the

A/m. (14)

junction of a lucite wall with metallic wall and a
vacuum are buried and not directly visible along the
dielectric interface. The electrical stress is also
minimized at these junctions. The detail of the
buried junction is omitted in Fig. 7. The O’ ring
seals in metallic-dielectric interfaces are usually
buried in the metal surface.

III. ELECTRON AND ION
BEAM GENERATION

The diode configurations used in beam generators
have been illustrated in Fig. 7. The beam generation
depends, of course, on the polarity of the generator
used in pulsing the diode. We describe initially the
operation of a diode as an electron-beam generator,
and subsequently outline the modifications used for
the generation of ion beams. In both configurations,
the vacuum used is quite modest and typically in the
range of 107* to 10~* Torr.

A. Electron-Beam Generation

The mechanisms associated with electron-beam
generation in moderate-size electron-beam gener-
ators were studied in detail by Parker et al.*’ They
operated an accelerator capable of generating an
electron beam with an impedance of a few ohms at
voltages in the three to four hundred kilovolt range.
Typically, carbon cathodes were used as the elec-
tron source and the beams were extracted through a
thin anode foil. With cathode diameters of about 5.0
cm, ar.ode cathode gaps of a fraction of a centimeter
were used to generate the beams. The applied
voltage pulse was found to precede significant
current flow by a few nanoseconds. During this
phase. the current emission occurs through field
emission from whiskers protruding from the cathode
surface. The probable current density is limited to a
few amperes per square centimeter during this
phase, corresponding to field enhancements at the
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whisker sites in excess of 100. As the enhanced field
approaches a value of about 10* V/cm, the whisker
current increases to provide sufficient energy to
cause volatalization of the whisker tips. Subsequent
emission comes from the plasma formed by the
ionization of the vapor surrounding the cathode.
This current may be quite large and is found
following completion of the first phase of break-
down. The emission from the plasma approximately
satisfies the Child-Langmuir relation for the diode
geometry, provided that account is taken of the
closure of the diode gap by the expanding cathode
plasma. Observations made by Parker et al. and
other groups*' show that plasma-front velocities of
one to four cm/usec occur. As the beam current is
increased, absorbed gases at the anode are released
and ionized. A further plasma front originating from
the anode starts to close the diode gap and the diode
perveance increases further. The anode-plasma
front velocity is less than that for the cathode plasma
and usually about 1 cm/usec. The flow is reasonably
uniform from the diode unless significant field
enhancements are present due to edge effects on the
electrodes. The beam ‘temperature’ has been deter-
mined in a number of laboratories and found to be
largely controlled by the scattering of the electrons
in transit through the anode foil. Electron beams
with energies in the range centered around 0.5 to 1.0
MeV have been obtained with mean scattering
angles of a few degrees.

The presence of a preformed plasma in the diode,
either from prepulse effects or due to plasma in-
jection from an external source leads, in the case
where the plasma density is high, to a rapid collapse
of the diode impedance and to a shorting of the
generator. Miller et al.** have shown that if the
plasma density is limited to the 10"°-10'* cm ™
range, then the diode shorting does not occur and the
diode behaviour can be well described by laminar
bipolar flow. The current density is found to satisfy

the equation
MP
Jp= m, Iy (15)

4¢ 2e V2
J,=186 50 /5 . (16)
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where

and x is the thickness of the plasma sheath. The ion-
current density is given by the usual bipolar flow
limit, provided that proper account is taken of the
expansion of the plasma sheath to allow for the

provision of an adequately large flux of ions. This
effect was important because the ion saturation
current was typically less than that permitted by the
space-charge-limited Child-Langmuir law.

Electron-beam generation has also been accom-
plished in foilless diodes. In cases where the electron
beam is to be propagated in vacuum, such as in
microwave-generation experiments or in some col-
lective-acceleration systems, the practically obtain-
able beam impedance is high and can be achieved
from afoilless diode. A beam propagating in vacuum
along a strong magnetic guide field, has a space-
charge limiting current given by'*'®

I, = 17,000 (y** — 1)*? . (17
1+21n(b)

u

where a and b are the beam and tube radii re-
spectively, and v is the relativistic factor for the
beam electrons at the anode plane. This value has
been confirmed experimentally.'” Other equilibria,
in finite magnetic fields, in which the electrons rotate
around the beam axis, have also been deter-
mined.¥* These also represent high-impedance
beams.

Two foilless-diode configurations have been em-
ployed for the generation of electron beams. These
configurations are sketched in Fig. 9. The first
configuration®’ is essentially a magnetron type gun,
in which the electrons are injected across the guide
magnetic field. The magnetic field is sufficiently
strong that the electrons do not cross the diode gap,
but rather ‘drift’ into the experimental region fol-
lowing the curved magnetic-field lines. The second
configuration is designed to inject the electrons
approximately parallel to a uniform guide field." In
this configuration the electrons usually pass within a
gyroradius or two of the anode plate. Both con-
figurations are especially suited to high-impedance
applications where a repetition rate or vacuum
application is involved.

We now continue the discussion of foil-diode
systems with a review of beam-pinching processes.
As the diode current is increased, conditions de-
velop which permit the beam to pinch as a result of
the J X B interaction between the self magnetic field
of the beam and the electron current. Pinching
occurs when the current exceeds a critical current
determined from the relations

1 v r
— == . 18
1, Y 2 (18)
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FIGURE 9 a) Foilless diode in which emission occurs orthogonal to the applied
magnetic guide field. b) Foilless diode in which emission is paralle! to the magnetic field

lines.

In this relation v is the number of electrons per

classical electron-radius length of the beam and v is

the usual relativistic factor. The diode electrode gap
is d and the cathode radius is 7. The ratio v/y is also
frequently designated as I/1,, where

dmeome’

Ih= By=17,0008y (19)

is the Alfven-Lawson limiting current. The above
relation [Eq. (18)] determines the value of the

electron-beam current at which one expects non-
laminar flow to develop.*® Equation (18) may be
simply derived by equating the gyroradius of an

outermost electron in the beam to the diode-gap d.

When these parameters are equal, one expects to
find significant self-pinching of the electron beam.

This result has been shown to give a reasonable

account of the threshold for self-pinching, provided

that one uses the actual diode spacing in the es-

timate, i.e., after allowance has been made for the
gap closure of the Plasma fronts from the cathode
and anode plasma.”




Diode pinching is of considerable interest, since it
has application to controlled-fusion pellet heating,
Considerable analytic theory and simulation®®>*
have been carried out to determine optimum con-
ditions for maximum compression of the electron
beam. Qualitatively, it has been found that diode
pinching always occurs when the diode current
exceeds the value given in Eq. (18), although the
pinch may not always be symmetric about the diode
axis or always collapse to a very small radius.
Important processes in determining the degree of the
diode pinching and its control include the provision
of a plasma on the axis of the diode (produced, for
example, by an exploding wire) to neutralize the
space charge of the beam in the late stages of
collapse and, more importantly, the role of positive
ions formed at the anode of the diode in determining
the orbits of the electrons as they collapse to the axis.
Other attempts to produce high current densities on
the axis include the work of Morrow et al.,”* who
found that current densities in excess of 1 MA/cm?
could be achieved on axis when a thin dielectric-
rod cathode was used as the beam cathode. These
results were subsequently confirmed by Condit et
al.*® and by Bradley and Kuswa.”” The utility of this
technique appears to be restricted to relatively high-
impedance (< 20 ohms) diodes; it did, however,
stimulate the interest in electron-beam pellet fusion
in pulsed-power generator diodes.

A satisfactory corfiguration used in the produc-
tion of tightly pinched beams employs a hollow
cathode which has a radius R much larger than the
diode cathode-anode gap d. Simple theoretical
models have been formulated for this configuration
to describe the pinch characteristics. Both of the
models presented predict that the diode current will
have a magnitude given by a relation of the form

I=8500g yIn[y + (¥*~1)"},  (20)

where the parameter g depends on the details of the
diode geometry. For the annular cathode g = R/d in
the parapotential flow model, andg = R/d(y)" inthe
focused-flow model. The parapotential flow con-
cept, which is originallsy due to dePackh®® has been
extended by Creedon.’! In parapotential flow, one
deals with a class of exact analytic solutions for the
flow of electrons along equipotentials. In such a
flow the rate of change of momentum of the elec-
trons is zero and E = —v X B, the electrons then drift
under the influence of the E X B force, with zero
Larmor-radius orbits, along conical paths from the
cathode to the anode. The parapotential flow model
does not address the problem of the connection of
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the region of parapotential flow to the anode or
cathode regions of the diode. Equation (20) de-
scribes the relation for saturated parapotential flow,
in which the flow is focused along an equipotential
terminating on the anode surface. The focused-flow
model,’? which exhibits an identical dependence
(apart from the factor y* in the relation for g) on the
diode voltage to the parapotential flow, results from
an integration of the cold-fluid electron model
equations through the diode. In this model, the
presence of a plasma at the anode and cathode
surfaces plays an important role in determining the
pinch. The flow may be represented largely as an
E X B drift of the electrons through the vacuum
region of the diode. The degree of pinching in this
region is relatively weak. The final pinching is
achieved in the charge- and current-free anode-
plasma environment. Due to the similarity in the
expressions for the current dependence on the diode
voltage, many of the basic characteristics of both
models have been confirmed.*®%® For example, in
the energy range extending from about 0.5 to 1.0
MeV, the diode impedance is essentially inde-
pendent of the voltage, as has been observed ex-
perimentally. There are differences between the
models, however, and their predictions do not
coincide. An important difference is that the focused-
flow model requires the presence of a plasma (or at
least a counterstreaming ion flow) in order to
produce the final stage of the pinch flow. This anode
plasma has been shown to play an important role in
determining the final stages of the compression.
Cooperstein and Condon® have found that the
empirical relationship

1-8500 (-
’ D — A
provides a satisfactory description of the diode
behavior. In their experiments, an effective diode-
gap reduction A was identified as 0.15 cm, about
40% of the actual gap, and was independent of time.
A possible explanation of this is associated with the
large self magnetic field of the beam following the
pinching, inhibiting the further expansion of the
anode plasma. It should be noted, however, that the
focused-flow model is strictly applicable for solid-
cathode configurations and for a steady-state cur-
rent flow following the pinch completion.
Subsequently detailed study of the time depend-
ence of the pinch collapse in the annular-cathode
configuration lead to an important realization,
namely that the anode plasma sheath could not
adequately account for the initial formation of the

) ymly+ P -1°] @)
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pinch. Following application of the diode voltage
pulse across the gap, an annular beam described by
the Child-Langmuir equation is formed. As the
current exceeds the critical current for pinching, a
weak pinch is initiated. The impact of the beam
electrons on the anode produces a plasma which
expands towards the cathode with a velocity of
about 2 to 4 cm/usec. This expansion rate is
insufficient for the formation of the plasma sheaths
which are needed to obtain electron focusing on the
axis. This realization resulted in a re-examination of
the previous models and led to a new model in which
the plasma at the anode served as an ion source for
bipolar flow in the gap.®'** Once the critical current
is exceeded and pinching starts, positive ions from
the newly formed anode plasma stream towards the
cathode. This flow enhances the diode electron
current due to the redistribution of space charge in
the gap. In its turn, the enhanced electron current
helps augment the pinch compression. In this model,
the radial pinch time is limited by the ion flow time
through the gap. The characteristic ion velocity is
more than two orders of magnitude greater than the
corresponding plasma expansion rate; hence the
diode pinch can develop rapidly. Radial collapse
rates for the electron-beam pinch of up to
5 mm/nsec have been recorded experimentally.
By varying the anode material, it has been shown
that the radial collapse velocity of the pinch is
dependent on the heating at the anode and hence on
the release and subsequent ionization of the ab-
sorbed gases in the anode material.

B. Ion-Beam Generation

As noted in the previous section, bipolar ion and
electron flow occurs in high-current beam diodes.
Elementary calculations show that in space-charge-
limited bipolar flow, the electron-beam current is
enhanced by a factor of 1.86 over the pure electron
flow. With allowance for relativistic effects, this
enhancement may exceed a factor of two and has
been calculated to rise to 2.14 at 5.0 MV.% Energy
transfer to the ions (which unless otherwise stated
will be taken to be protons) is limited, nonrela-
tivistically, to the square root of the electron-to-ion
mass ratio, namely 2.3% for protons.

Following the work of Humphries et a a
considerable effort has been devoted to developing
proton sources with about 1-MeV energy, com-
parable to the high-current electron sources de-
scribed previously.”"* This work has been largely
motivated by the particle-beam pellet-fusion con-
cept. High-current proton beams with energies in

9
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the one to ten megavolt range are particularly at-
tractive for this application, since all energy depo-
sition in the target is classical. In addition, ion-beam
research is aimed at producing adequate proton
fluxes to generate a field-reversed layer for magnetic
confinement of thermonuclear plasmas.>'*™"® To
preview the following discussion we report that
substantial progress has been made in this direction;
sources available at present have achieved powers
of about 0.7 TW at proton energies of about 1 MeV.

The principal effort in the production of high-
current ion beams has been centered on the de-
velopment of techniques for the suppression of the
unwanted electron flow. Three main methods or
devices have been developed to suppress the elec-
tron current, namely: a) the reflex triode and tetrode;
b) magnetically insulating diodes; and c) pinched-
beam configurations, in which the electron beam
impedance is increased due to the long electron path
in crossing the diode gap. We now examine these
approaches in more detail.

The reflex triode was the original configuration
used in the study of intense proton-beam generation
by Humphries et al.**® In this device, which is
shown schematically in Fig. 10, the electron-current
flow is suppressed and the ion current flow corre-
spondingly enhanced by reflexing the electrons
through the anode. In order to transfer energy
efficiently to the protons, it is necessary to suppress
the electron flow. In the reflex triode, the electrons
emitted from the cathode traverse the diode gap and
subsequently see a reverse field which tends to
decelerate them. In practice, the center (anode)
electrode is pulsed positively and hence the po-
tential hill encountered by an electron, which has
traversed the first part of the diode, is sufficiently
large that the electron will be reflected at or close to
the plane of the second cathode. In contrast to this,
an ion formed at the anode plane will fall through the
diode potential well, and, provided that the cathode
is transparent, will emerge from the back of the
cathode. The situation sketched in Fig. 10a is
symmetric about the anode plane and hence the
maximum efficiency which can be achieved in this
configuration is limited to 50%. In practice, there is
no need to use a second cathode electrode because
the space charge beyond the anode will ensure the
formation of a virtual cathode, and hence provide
the reflexing of the electrons required to allow the
ion flow to dominate.

There are a number of additional criteria that
must be met before one can satisfactorily produce an
ion beam from a reflex triode. The foremost of these
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FIGURE 10 a) Reflex triode with two real cathodes. b) Reflex triode with one real and one virtual cathode. c) Trajectory
of an electron through the reflex triode b. Energy loss in the anode foil leads to eventual loss of the particle in the foil. Protons
only make a single traverse of the diode gap.

is concerned with the maintenance of at least a quasi electrostatic field which tends to expel the electrons !
one-dimensional configuration for the electron flow. from the diode region. This may be prohibited by a L g
The accumulation of negative space charge in the sufficiently strong axial guide magnetic field. Typ- 4
diode region will lead to the development of a radial ically fields of order 10 kG are used in practice,
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although several experiments have been satisfac-
torily carried out with the guide fields as low as
about 1.6 kG.”' An additional complication en-
countered with the reflex triode is the tendency of
the diode gap to short due to gap closure arising from
the plasma motion across the diode gap. We there-
fore find that diode gaps tend to be larger in ion-
generation experiments than one would find in
corresponding electron-beam generators. The
Child-Langmuir space-charge-limited current flow
from an evacuated diode, in which the electron
current has been suppressed, is only slightly greater
than two percent of the current obtained in the
electron mode. Hence we find that large-area cath-
ode configurations are appropriate for high-current
applications.

The theoretical basis for the reflex-triode system
was developed by Antonsen and Ott”® and in-
depenently by Creedon, Smith, and Prono.” In both
of these approaches a thin foil anode was con-
sidered. Multiple scattering of the electrons in the
anode foil leads to an increase in the number density
of the electrons close to the anode. The enhanced
electron density in this region gives an increase in
the ion emission from the hot anode plasma. A
scaling study of the dependence of the ion current
density on the diode voltage reported that current
densities of up to 200 A/cm? were achieved, com-
pared with the 30-50 A/cm? in the original mesh-
anode studies. In addition, it was observed that the
emitted current scaled much more rapidly with the
diode voitage than the three-halves power law
anticipated.”*® Ott and Antonsen showed in their
analysis that the ion to electron current-density ratio
could be described by a relation of the form

J,

Z Y
L=+ - 22
Foamy] @
where v is a constant given by
(1 + Ind)
=2 — 23
Y 3<A> (23)

In these relations Ze is the charge on the ion and
<A#*> is the mean square scattering angle. Kap-
etanakos et al.”’ point out that the scattering angle
term is approximately inversely proportional to the
square of the diode voltage. Assuming a three-
halves power law for the electron current density, we
conclude that the ion current density should scale
rapidly with the diode voltage. In this estimate the
dependence is seen as a seven-halves power of the
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diode voltage. While the detail of the scaling is not
clear, it is apparent that the ion current density does
scale more rapidly than expected on the basis of
the Child—Langmuir law and further that a thin foil
anode leads to a greater ion current than one can
achieve with a solid anode. The largest reported
proton flux densities correspond to current densities
of about 3 kA/cm>.™?

A recent development of the reflex triode has lead
to a further increase in the available current den-
sity.® To achieve this, a second anode foil has been
used. The reflex tetrode, which is sketched in Fig.
11, shows two anodes: the first, which is labeled A1,
is constructed from Polycarbonate or aluminized
Mylar. Previous experiments had established that
both of these materials are poor proton emitters. The
purpose of this configuration is to limit the proton
flux towards the cathode, and to provide a good ion
source at the second anode A2. The ion flux from the
second anode must flow in the direction toward the
virtual cathode, since the electrostatic field between
the two anode planes is zero. The results obtained
with this configuration show that an increase in the
current densities obtained is consistent with single-
direction ion flow. In these experiments a conver-
sion efficiency, defined as the ratio of the extracted
ion current to the total generator current, of up to
55% was achieved. To achieve this efficiency, it was
necessary to use a thin foil (2 u Polycarbonate) for
the first anode and to optimize the anode sep-
arations. In the work described, the optimum sep-
aration was found to be about 0.5 cm. The results
were insensitive to the guide-field strength in the
range (2.7 to 7.6 kG) used.

The work on the reflex-triode system was closely
followed by the study of magnetically insulating
diodes.?”** The underlying principle of this device is
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FIGURE 11 Schematic showing the principle of the reflex
tetrode. The first foil Al is a two micron polycarbonate sheet and
is separated from the second anode A2 by about 0.5 cm.
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shown in Fig. 12. A transverse magnetic field is
applied across the diode. The field is sufficiently
strong that the electrons will execute magnetron-like
orbits and not be able to reach the anode plane.
Calculations give the required field strength to
produce magnetic insulation as approximately”

mV 1 eV "
= 11 .
B,= /2 re i > - e

In crossing the diode gap, the protons are also
deflected, but, due to their greater mass, their
deflection is quite small and is readily shown to be of
order

_ m, B, ,
0~ /o B (25)

P er

where B, is the insulating magnetic field and B,, is
the critical field to achieve magnetic insulation. The
angular deflection is of order one to two degrees and,
if important, can be compensated by application of
a magnetic field subsequent to proton extraction
through the cathode plane.

A measure of the success of an insulating diode is
the reduction in perveance of the diode as the field
exceeds the critical field. Typical results,” with a
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FIGURE 12 Schematic showing the principle of the mag-
netically insulated diode. Protons, emitted from the anode
plasma. traverse the diode gap emerging through the cathode ata
mean scattering angle @ to the diode axis. The electron motion is
cycloidal along the cathode with electron flow inhibited by the
traverse magnetic field Bo_
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FIGURE 13 Reduction in diode perveance as a function of the
magnetic field strength. This figure is based on data presented by
Greenspan et al. [Phys. Rev. Lett. 39, 24 (1977)).

copious source of plasma at the anode, are shown in
Fig. 13. The perveance approaches the ion space-
charge limiting value as shown by the dashed line,
provided proper account is taken of the reduction in
the diode gap spacing due to the space-charge
neutralizing effect of the electrons emitted from the
cathode.

There are two essential requirements for satis-
factory operation of a magnetically insulating diode,
a copious and prompt supp'y of ions at the anode
plane, and a well-designed magnetic-field configura-
tion. The former problem has been largely solved
using surface-flashover techniques similar to those
used for many years with plasma cathodes. In
essence, a plasma is formed on the electrode, due to
the electrostatic breakdown of the surface of a
dielectric inclusion in an otherwise conducting
plane. The rapid risetime of the applied potential
requires the electric-field lines to follow the metallic
anode surface. This results in the formation of
electric fields along the surface of the dielectric
inclusions. The breakdown along the dielectric
surfaces produce the required ion-plasma source.
Since most plastic dielectrics are hydrogen-rich, and
since protons are the lightest of the ions, the
preferential emission is protons.

The magnetic-field configuration required to pro-
duce the magnetic insulation is more complex, since
one requires that the field lines do not cross the diode
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gap. In practice, some field lines will almost always
traverse the gap but their effect need not be too
serious if the path length of the field lines in crossing
from the cathode to the anode is much larger than the
direct anode—cathode separation. Practically, this
means that the field must not allow the electrons to
easily traverse the gap so that they can absorb the
generator power.

Various configurations have been used in mag-
netic-insulation experiments, although in much of
the published work, two concentric cylinders with
the cathode as the interior electrode have been
employed. In these experiments, the ion beam is
frequently extracted through holes in the cathode
surface. In thesc experiments attempts have been
made to focus these protons on to a line focus and
current-density increases of an order of magnitude
over the density at the cathode have been achieved.
Similar studies have also been made recently using
sections of a sphere for the anode and cathode to
obtain a point focus for the ion beam.

Luckhardt and Fleischmann® have used mag-
netic insulation to produce long-duration proton
pulses. In their experiments, a strong 20-kG mag-
netic field was used to insulate a 300-kV diode,
consisting of two concentric cylinders, for times of
up to 4 usec. Two important results were noted; first
in long-duration diodes the ion current achieved
could exceed by a factor of order ten the predicted
space-charge limiting emission based on the initial
diode geometry, and secondly, high total numbers of
ions could be generated. This latter result has
application in the generation of field-reversing
layers where the total number of particles generated
is important. The ion yields reported are approx-
imately ten times greater than those obtained with
short-pulse machines operated under comparable
diode-voltage conditions. Extension of this work®
to megavolt energy has produced ion beam-current
densities of up to 300 A/cm? for | usec.

Magnetic insulation has been shown to provide a
useful means for the generation of intense ion
beams. The techniques developed have the ad-
ditional advantage that they do not lead to a
destruction of the anode with each event. The
emitted current density is, however, still somewhat
lower than that reported for reflex triodes. Typical
peak current densities achieved to date are about
100 A/cm? with short-duration pulses and up to
300 A/cm? in long-pulse systems.

Although it is somewhat out of place to describe
magnetically insulated transmission lines in the
discussion of ion diodes, it is appropriate to point out

that the same insulation process has been used to
achieve the extremely high power-flow densities
required for electron-pellet fusion. As pointed out
earlier, the dielectric-strength properties of diode
insulators limit the current and hence the power flow
[see Eq. (14)] from the generator to the pellet. This
limitation has been identified as a primary obstacle
in the power-flow analysis. A successful solution to
this problem has been found using the self magnetic
insulation of vacuum transmission feeds.*®4'*=% At
sufficiently high current levels, the self magnetic
field of the transmission line wave is adquate to
produce magnetic insulation. The best results
achieved for power transfer have used a 7-m long
triplate vacuum feed at electric-field strengths of up
to 7 MV/cm.”® This represents an increase of
approximately 50 over (he stress limits set by plastic
diode insulating rings. About half of the power flow
occurs in the vacuum fields along the vacuum line.
The parapotential flow theory®' is also relevant in
this regime.

The final approach to be described in the gen-
eration of intense ion beams uses the self-pinch
properties of electrons in vacuum diodes. This
process has been extensively studied in various
laboratories and also in computer simulation stud-
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FIGURE 14 lon and electron trajectories in a pinched electron
beam diode. A thin anode foil is assumed.
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ies.5+1%-197 The essential feature of the ion-beam
generation is sketched in Fig. 14. Consider the
production of a pinch beam using a large aspect-
ratio diode with an annular cathode. The electron
flow is initially laminar. As the current increases,
the energy absorbed in the anode due to the electron-
beam bombardment increases and eventually re-
sults in the release of gases and in the formation of a
plasma in the anode material. The plasma formed
drifts across the diode gap at a velocity of order
1 cm/usec and is preceded by ion flow. The bipolar
flow in the diode causes the electron-beam current to
increase and beam pinching commences. At each
stage of the compression, more plasma is released
from the anode, ion emission from the plasma is
established and the electron-beam pinch continues.
When the electron beam reaches the axis of the
diode, we achieve a quasi-steady state in which the
electron current follows a long path from the cathode
edge to the axis, while the ion emission follows an
almost straight line path from the anode to the
cathode. It has been shown that the difference in
particle paths leads to a substantial increase in the
energy transfer to the protons. The estimated ratio of
ion to electron currents has a value®
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where v, and v, are the final electron and ion
velocities. For values of the aspect ratio R/d >> 1, it
is possible to achieve approximately equal ion and
electron currents. More detailed numerical simu-
lations have shown that this ratio can reach a value
as high as three. Stephanakis et al.'®” have reported
obtaining 4 X 10'® protons over 120 cm? from the
Gamble generator. Of the 0.5 t0 0.6 MA of current,
about 150 to 200 kA was attributed to the protons.

A detailed study of the pinch process was carried
out by Swain et al.'® using a 200-kV, 50-kA
generator. They observed that with a solid alum-
inum target 1 to 3 kJ/g of energy was required to
generate the ions, and that with hydrocarbon anodes
this figure could be reduced by about one order of
magnitude.’ Irrespective of the anode material and
its treatment, the primary ion found was either H* or
H; and was presumably due to the rather poor
vacuums usually used in high-power beam diodes

~ 107* Torr). In their investigation, they reported

at all the ions observed had an energy approx-
imately determined by the diode voltage and that
ions with mass to charge ratio of I, 2,6, 12, anc '6
were obtained. The maximum recorded current

21

density for the protons was about 1 kA/cm?. Un-
published studies at Comell'® have found that
heating the anode foil, while under vacuum, to red
heat causes an increase in the diode impedance by a
factor of up to two. Presumably this is due to a
reduction in the hydrocarbons absorbed on the foil
from the pump oil and vacuum grease.

As might be anticipated from the discussion of the
reflex triode work, the pinch process has been found
to be helped by using thin anode foils'*'* instead of
solid targets. The reflexing of the electrons then
results in an enhanced electron density close to the
foil and a corresponding build up of the proton
current. This is accompanied by a more rapid
pinching of the electron beam. It is worth noting that
the rise time of the ion beam is comparabie to the
collapse time of the electron pinch and that occurs
on a time scale much shorter than the electron-beam
rise time. Efforts to aid diode pinching by the use of
an externally driven axial''® diode current did not
lead to an improvement of the diode pinch process,
which seems to be primarily controlled by the proton
emission from the anode surface. Exploding wires
have also been used to produce a plasma on axis for
space-charge neutralization and to aid focusing.""'

D. Repetition Rate

Primary interest in high-power electron and ion
beam generators has been centered on low-
impedance, very High power devices. To date, none
of these devices has been operated with a repetition
rate greater than a few pulses per hour. To demon-
strate the feasibility of such an acceierator, work has
been carried out at Sandia on the use of a modest
accelerator in a repetition-rate mode.''? A 350-kV,
300-J accelerator has been pulsed at a repetition
rate of 40 pulses per second for over a million
successive shots. For a short period operation was
maintained at 100 Hz.

IV. INDUCTION ACCELERATORS

As stated early in this review, relatively little work
has been done on utilizing pulsed-power technology
to obtain very high-energy, medium-current rel-
ativistic beams.

The first devices used for this purpose were the
electron linear-induction accelerators built at
LBL,'? LLL,'"* and NBS.!** The essential features
of an induction linac are shown in Fig. 15. In this
device, the center conductor is pulsed negatively
from a pulse or Blumlein transmission line. The
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FIGURE 15 Induction assembly acceleration module. The
field lines are appropriate for positive ion acceleration from the
left to the right.

TO HIGH VOLTAGE

incoming wave divides between the two halves of the
system with each half feeding a section of a cylin-
drical ferrite core which surrounds the beam chan-
nel. The induction field appears concentrated across
the accelerator gap. Following acceleration of the
electrons through the gap, they are buried inside a
hollow pipe in which the electric field is zero.
Following a drift section, approximately 1-m longin
the LBL system, the electrons enter a further gap fed
from a separate pulse line. Since the accelerator is
driven by the rate of change of the magnetic field in
the ferrite loop, the final electron energy achieved is
equal to the energy acquired in a single gap mul-
tiplied by the number of gaps in use. In the LBL
system each acceleration gap produced an electron
energy gain of 0.25 MeV through the induction
fields. The output energy of the electrons was 2.5
MeV, which was achieved with a repetition rate of
about 5 pulses per second. In these experiments an
electrostatic injector was used to provide a 1-MeV
source for the electron beam. A new induction
accelerator cf this type is currently under con-
struction at LLL."'®

A variety of other devices that depend on the rate
of change of flux through a circuit encircling the
beam path have been described in the literature.
These include the radial transmission pulse lines
described by Pavlovskij et al.''’ and the Auto-
accelerator described by Friedman and Lockner.''?
Inboth of these devices, which are shown in Figs. 16
and 17, the rate of change of flux is achieved through
use of the distributed circuits illustrated, i.e., the

st

ACCELERATOR TUBE WALL

FIGURE 16 Section of an accelerator using radial transmission lines. The switches 4
are closed, discharging the lines at times phased with the charged particle acceleration )

in the accelerator tube.
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FIGURE 17 Section of an electron autoacceleration device.

change is produced by the propagation of an electro-
magnetic wave through an extended line, rather than
through the lumped-parameter characteristics of the
ferrite core of the LBL system. In Fig. 16 we show
two sections of a radial-line induction accelerator.
In this device, the electrons are accelerated by the
fringing fields of the radial line. A series of ap-
propriately sequenced switches short one side of
each of the lines, so that the wave shorts out the
voltage on the line in its initial transit. The wave is
reflected from the open circut of the unloaded
accelerating gap. Throughout the period that the
wave propagates from the open circuit to the switch
and is reflected back, the flux linked by the loop
closed by the open circut gap on one side and the
switch on the other, increases linearly in time. This
rate of change of magnetic flux drives the electric
field accelerating the charged particles across the
gap. The acceleration achieved in each gap is
cumulative as a result of the induction nature of the
fields. Pavlovski projects that an accelerator of this
type could be used to obtain electron beams with
energies of order 10° J in the energy range of 10° to
107 eV.

The autoaccelerator system works on a different
principle, but is of the same generic type as the
induction accelerator. In this device, a slowly rising
potential, applied to a vacuum diode, is used to
produce a magnetically confined electron beam.
After buildup of the beam to the required level, the
beam is switched off rapidly by diverting the applied
voltage from the gap through an auxilliary path. Asa
result of the beam propagation through the drift
space, magnetic energy is stored in the concentric
cavities. The beam current rapidly drops to about
20% of its peak level in about 5 nsec. Following the

reduction in beam cusrent the energy originally
stored in the cavities cannot be maintained. The
excess energy is transferred to the beam electrons as
they cross the gaps and they are further accelerated.
In this system, there is an automatic phase matching
for the successive accelerating fields, since the
cavity length equals the separation of the successive
cavities and the electron velocity is essentially equal
to the speed of light. This system, which has been
successfully used with two cavities, is driven by the
rate of change of flux in the cavities and hence
belongs to the induction-linac family. Interstage
cavity coupling appears to present some problems in
the extension of this acceleration scheme to an
arbitrarily large number of cavities.

An analysis of energy transfer in such devices has
recently been reported by Eccelshall and Tem-
perley.!'

There has been a recent resurgence of interest in
acceleration of moderate current hbeams to high
energies, as a result of the heavy-ion fusion program.
An approach to this problem being considered
entails the use of linear induction accelerators for
acceleration of high atomic number (4 2 1002
materials to energies in the range of several GeV."
This approach and a separate program on intermed-
iate atomic-number accelerators'?' have recently
been initiated. In these systems, electrostatic accel-
eration will be used in the low-energy stages. Ions
will be accelerated through a magnetically insu-
lated diode, transported through an electrostatically
neutralized section, and when all of the earlier-stage
acceleration is complete, the tube in which the ions
are buried will be pulsed so that the ions may be
reaccelerated by a further magnetically insulated
section. The final stages of the accelerator will use
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induction acceleration. A variant of these schemes
has been proposed by Winterberg.'?’ Present in-
duction accelerators have only been used for elec-
tron acceleration.

V. COLLECTIVE ACCELERATION

We conclude this report with a brief summary of
progress and a report of current directions in collec-
tive acceleration. A number of previous reviews
summarize this area,'>*-'?° 5o that only recent devel-
opments will be discussed. In collective ion ac-
celerators, a high-power relativistic electron beamis
used to accelerate a beam of positive ions to high
energy. This process is achieved through the use of
the collective fields of the primary electron beam.
Work on this process was originated in the United
States when Graybill and Uglam'* first observed
high-energy ions occurring when a high-current
relativistic electron beam was injected into a low-
pressure gas. Subsequent work has confirmed that it
is relatively easy to achieve collective acceleration
of the ions to energies corresponding to about three
times the electron-beam energy, but that it has not
been clear that this process can be scaled, for
example, to achieve the high-energy (several hun-
dred MeV) protons needed for electronuclear breed-
ing. In addition to studies of collective acceleration
of protons in electron beams, there has been ad-
ditional work devoted to the acceleration of heavy
ions. This work may have application to heavy-ion
fusion sources and also to radio chemistry. Pres-
ently, achieved results indicate that collective ac-
celerators may be competitive with cyclotrons for
the generation of heavy ions in the 100 to 200 MeV
range, and considerably cheaper. In the following
section we shall present an account of the general
results obtained and, in particular indicate direc-
tions presently being investigated for extension of
this work to the high energies and fluxes required for
projecied applications.

Most of the research carried out to date has been
centered on one of two areas, acceleration occurring
when a high-current beam is injected into a low-
pressure gas or into an evacuated tube through a
dielectric anode. In the 'ow-pressure gas case, the
basis of the acceleratior. is at least qualitatively
clear. A deep electrostatic potential well exists
external to the anode and is separated from it by a
distance of order c/w,.”*"'? The well is formed
because the time taken to neutralize the beam space
charge is long compared to the time taken for well

formation and also because the current that can
propagate in the unneutralized state is usually much
smaller than the injected current. The well depth
may, on a transient basis, exceed the diode accel-
erating potential and has been estimated to reach
depths of between two and three times the diode
potential difference. This potential well is in the
sense that will accelerate ions from the vicinity of
the anode parallel to the direction of the electron-
beam propagation. The accelerated ions tend to
neutralize the electron space charge and permit the
beam to move from the diode region with a velocity
approximately equal to the velocity acquired by the
ions in failing through the potential well towards the
virtual cathode. The correspondence between ion
energy and the drift velocity of the beam has been
verified experimentally.'*?

Generally most of the features observed in low-
pressure gas acceleration are reasonably described
by Olsen’s detailed theory.'” The observations
which are reasonably accounted for include the cut-
off in ion energy at about three times the beam
energy, the short duration of the acceleration, the
acceleration length scale and also the observed high-
pressure cut off of the acceleration. At the higher
pressures, one finds that the time scale to achieve a
neutralized beam is comparable to or less than the
accelcation time scale and hence acceleration
ceases. Other models of the acceleration process
have also been proposed, including the localized-
pinch model.'*

Consideration of energy balance in propa-
gating electron beams, coupled with an assumed
beam-head acceleration, shows that conservation
laws may impose serious limits on the achievable
energies. This analysis also provides a description
of the observed ion scaling with injection current and
tube size. These scaling processes are not satis-
factorily accounted for in the Olsen model. With the
exception of ion acceleration occurring in high v/y
beams. the observed acceleration has been limited
to about three times the electron-beam energy. Of
course, multiply charged ions have been detected
and in these cases ion energies are scaled with the
charge state. In the high v/y regime, the investment
in reactive energy associated with beam transport is
substantial, and the beam-head velocity is much less
than the injection velocity of the electrons. Under
such conditions, a high-energy contribution to the
ion spectrum has been observed extending to about
an order of magnitude greater energy than the beam
electron energy.'*

Much of the phenomenology described above is
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equally applicable to the acceleration observed
when a high-current electron beam is injected into an
evacuated tube through a hole in a plastic anode.
This configuration, which was first investigated by
Luce et al.,'”!*® does, however, have a significant
ion spectrum extending out to about twenty times
the electron-beam energy. The phenomenon is once
again related to the formation of virtual cathodes
and deep potential wells. Ion acceleration has only
been observed when the injected beain current ex-
ceeds the space-charge limit. Measurements with
Rogowski coils also show that the propagating net
beam current may exceed the space-charge limit and
that magnetic neutralization occurs.'® In fact, ion
acceleration only appears to be important when
magnetic neutralization of the beam is present. The
high-energy tail is tacitly associated with the prop-
agation of the well associated with the virtual
cathode. Experiments have shown that in at least
certain conditions the ion energy acquired is con-
trolled by the velocity of the ions, i.e., deuterons
have twice the energy of protons. The acceleration
achieved appears to be limited by the available
electron-beam momentum and will probably only be
increased substantially by more efficient use of the
electron momentum, either by reflexing of the
electrons or by limiting the number of ions available,
especially those at the low-energy end of the spec-
trum.'” A variation on the Luce system'*'* was
recently investigated in which an attempt was made
to control the beam propagation by injection into a
dielectric-wall tube. In this configuration, proton
acceleration up to about ten times the beam energy
was achieved with a characteristic distribution func-
tion similar to that found in the Luce diode. In both
the neutral-gas acceleration and the vacuum ac-
celeration, the accelerating fields obtained exceed 1
MV/cm.

It should be noted that the dielectric-anode con-
figuration has also been used for the acceleration of
heavier ions. For example, the use of a teflon arode
has resulted in the acceleration of fluorine ions to
energies in excess of 135 MeV from a 2-MeV
electron-beam generator.'*” Other experiments
have been carried out in which the ions have been
separately generated, using a laser beam or a puff
valve, for provision of a localized ionized-gas
region.'*® It may well be that the first useful ap-
plication of collective accelerators is in the gener-
ation of medium-energy (a few hundred MeV) heavy
ions.

Before discussing schemes presently being ex-
plored to attempt to control the ion acceleration, we

point out a few of the observed limitations of the
present schemes, and observations relevant to the
theories of ion acceleration. For example, the deep
potential well model implies the existence of wells
with depths of up to three times the diode potential
ditference. Such wells should expel electrons. Ef-
forts to search for high-energy electrons having
energies up to three times the beam energy have
failed,'*>'** the highest energy electrons being de-
tected having only about 1.2 times the beam in-
jection energy. Part of this may be accounted for by
the fact that the wells are inherently transient in
nature and can only exist dynamically. Electrons
leaving the well will sample several oscillation
periods of the well; hence we anticipate seeing only
electrons with energies up to the average well depth.
This appears to be the case in these experiments.
One must therefore question the validity of the deep
potential-well acceleration model, since the ion
acceleration time is much greater than the well
oscillation period.

Perhaps the most revealing information relating
to the acceleration mechanism is the apparent
failure to accelerate ions in the presence of a uniform
magnetic guide field. Only two published obser-
vations have been reported in which acceleration
occurred with magnetic guide fields."**'* In the first
case the acceleration occurred when the electron
beam was made to rotate by injection through a cusp
field; the second occurred following the nonadia-
batic expansion of the beam drift tube. In both cases,
ion spectra extending to about or slightly greater
than three times the beam energy were reported.

A number of experiments are currently in pro-
gress to control the ion acceleration. We shall
describe briefly some of these efforts. Beam-head
control is reported in two experiments (other ex-
periments using pressure gradients to control beam-
head velocity have been reported previously). The
first of these uses a helix to surround the beam
channel.'* In this experiment, the pitch of the helix
is changed so as to increase the velocity of the
potential well at the beam head. The change in pitch
of the helix has been selected to match the expected
electric field causing the acceleration. It is too early
to comment on the success of this experiment, but it
is at least apparent that the beam-head acceleration
is affected by the presence of the helix and that
acceleration is only observed when the helix pitch is
changed in the correct sense. The results obtained
do not yet, however, yield any enhancement of the
ion energy. The second experiment, which has not
been in progress for a few years, provides active
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control of the beam-head velocity. In this experi-
ment a high-power laser is used, in conjuction with
fiber optics, to externally spatially ionize a cesium
channel at a predetermined rate. Accelerated ions
will be generated from trace gases maintained in the
acceleration chamber at densities too low to allow
neutralization of the beam. Present progress has
reached the point where control of the beam prop-
agation has been demonstrated over a 10-cm chan-
nel. Acceleration rates corresponding to beam-head
electric fields in the range of 0.1 to 1.0 MV/cm have
been demonstrated.'*

The second technique being investigated for the
controlled collective acceleration of protons uses a
negative-energy wave train grown on the electron
beam propagating in vacuum. There are two ex-
periments currently in progress to investigate the
potential of variable phase-velocity wave trains to
collective acceleration. The former, which has been
extensively investigated theoretically,'*’ uses a slow
cyclotron wave on the electron beam. The wave is to
be grown using either self-excitation in a helical
structure surrounding the beam, or by imposing the
desired wave frequency and wave number on the
beam by propagation through a series of appropri-
ately spaced resonant loop drives. In this experi-
ment it is planned to accelerate protons to about 30
MeV using a 3-MeV electron beam.

The second system being used for acceleration in
wave trains employs a slow space-charge wave
grown on the beam durin% its propagation through a
slow-wave structure.'*>'® In this experiment, wave
growth, propagation, and coherence over a meter
length of drift space has been demonstrated ex-
perimentally. Wave electric fields of about 50
kV/cm have been reported without evidence of
saturation. In contrast to the cyclotron wave, the
space-charge wave can only propagate at zero phase
velocity at low frequency and at the space-charge
limiting current. Present experiments indicate that
useful velocities of as low as 0.2 ¢ can be achieved
and that this might go lower still with appropriate
system design. In addition to investigating the
variation of the phase velocity of the wave with the
ratio of the current to limiting current, a preliminary
experiment has been carried out to demonstrate the
variation of the wave phase velocity in a drift tube.
In this experiment, the demonstration of the prin-
ciple entails accelerating protons from about 20 to
25 MeV in a meter or so of drift tube. Present
experiments are devoted to injecting ions into a
wave-growth region to establish the effect of the ion
loading on the wave growth. It would seem that a

linear-induction proton accelerator would be the
most likely injection source for a practical ac-
celerator.

It should be pointed out that the latter devices
will, if they are successful, generate a reasonably
monoenergetic ion beam with an energy spread
limited to the well depth used for ion trapping. In
scaling to multi-hundred MeV systems this would
corregsbpond to ion energy spectral widths of less than
0.25%.

finally, we observe that other groups are now
addressing wave acceleration experimental-
ly'4*1%015) and that there are efforts under way to
extend ion energies into the hundred megavolt
range. These efforts include attempts to stage ex-
isting accelerator systems,'*? to proposed experi-
ments where the high-energy ions can be produced
through the adiabatic compression of proton
rings.'>® As stated in the introduction, work on the
electron-ring accelerator is proceeding but has not
been discussed in this review. It should be noted,
however, that recent results have demonstrated the
acceleration of nitrogen ions to about 28 MeV.!%*

CONCLUSIONS

This review has been written with the object of
outlining the current status of high-power electron
and ion beam generation. By virtue of the breadth of
the field the account is, of necessity, somewhat
cursory.

We summarize the preceding sections by noting a
few of the accomplishments in this rapidly devel-
oping area:

1. Electron and ion beam generators have been
constructed and run at power levels of about one
terawatt.

2. Diode and accelerator technology have ad-
vanced to the point where system behavior can be
fairly confidently predicted.

3. Techniques have been established for the
generation of ultrashort and also for moderate-
length (few-microsecond) duration beams.

4. Devices have now been built with repetition
rates as high as one hundred pulses per second.

5. A substantial number of applications of high-
power beams have been identified and in some
cases, €.g., high-power microwave generation, have
been exploited to practical conclusions. Other ap-
plications include materials testing, x-ray genera-
tion, electron and ion beam fusion, and with the use
of collective acceleration such diverse areas as
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electro-nuclear breeding and radio-chemistry tech-
nology may become economically accessible.

6. Collective acceleration has reached a mile-
stone in that people are now carrying out experi-
ments to control the ion acceleration process instead
of allowing nature to control the acceleration. Basic
acceleration mechanisms are qualitatively under-
stood, and equally importantly, heavy-ion collective
acceleration is developing rapidly. Itis presently ata
stage where output ion energies competitive with
those obtainable with cyclotrons have been pro-
duced.
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